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Abstract

This thesis presents an experimental and theoretical study of some of the elec-
tronic properties and device applications of GaAs/Al,Ga;_,As single and double
Abarrier tunnel structures. In Chapter 2, energy band diagrams are calculated
for heterostuctures in which tunneling occurs between two degenerately doped
electrodes separated by a single quantum barrier. When a bias voltage is ap-
plied to a structure, the energy band profile gives the voltage drop distribution
in the cladding layers as well as in the barrier. This distribution may differ sig-
nificantly from that based on the commonly made assumption that the entire
applied voltage drops linearly across the barrier layer. It is shown that band
bending effects become more important for larger applied voltages, thicker barri-
ers, smaller electrode doping densities and larger barrier doping concentrations.
Energy band diagrams are found to be useful for calculating tunneling currents
and determining what the dominant low temperature current transport mecha-
nisms occurring in these structures are. In some cases, they reveal that these
mechanisms are different from those predicted when band bending is neglected.

In Chapter 3, elastic and inelastic tunneling processes are investigated in
GaAs-AlAs-GaAs single barrier heterostructures grown on [100]-oriented sub-
strates. The GaAs electrodes are degenerately doped n—type with Se, and the
AlAs quantum barriers are doped either p—type with Mg or n—type with Se. In
p-type barrier structures, low temperature current transport is found to be dom-
inated by elastic and inelastic electron tunneling through the AlAs band gap at
the I'-point and at the X—point. Anomalous zero-bias conductances obtained
from several of the samples are also discussed. A theoretical model, which treats
trap levels in the AlAs barrier as intermediate states for two-step tunneling pro-
cesses shows that impurity—assisted tunneling becomes more important as the

tunnel barrier is made thicker. In heterostructures in which the n-type barrier



layers are thick enough and/or sufficiently doped, the AlAs conduction band at
the X-point is not totally depleted of electrons. The dominant low tempera-
ture current transport mechanism is then tunneling through two reduced AlAs
X-point barriers separated by a bulk region of Al1As. When the n-type AlAs bar-
rier layer is sufficiently thin, the AlAs conduction band remains fully depleted of
carriers. As a result, electrons tunnel through the AlAs band gap at the X—point
and/or at the I'-point in a one-step process. In these structures, it is found
that plasmons located near the GaAs/AlAs interfaces interact with GaAs and
AlAs longitudinal optical (LO) phonons when the doping density in the n—type
GaAs electrodes is such that the plasma frequency becomes comparable to the

LO phonon frequencies.

Chapter 4 presents a study of resonant tunneling in GaAs/Al,Ga;_,As double
barrier heterostructures grown epitaxially in the [100]-direction. In these struc-
tures, electrons tunnel through two Al,Ga;_,As quantum barriers separated by
a thin GaAs layer forming a quantum well. The resonant energy levels in the
GaAs well which produce negative differential resistances in the experimental
I-V characteristics are identified by calculating the energy band diagrams of
the structures. In samples having pure AlAs barrier layers, tunneling via reso-
nant states confined in the well by the AlAs TI'-point potential energy barriers
is often inconsistent with experimental results. However, the experimental data
can usually be explained by tunneling via quasi-stationary levels confined in the
well by the AlAs X—point potential energy barriers as well as the AlAs I'-point
barriers. The relative contributions of tunneling via resonant I'- and X-states in
the well are found to depend upon the samples studied and sometimes upon the
sign of the applied bias. Resonant tunneling is also investigated in double bar-
rier heterostructures in which a low doped GaAs buffer layer is grown before the

first Al;Ga;_;As barrier. As a result of this structural asymmetry, the peaks in
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current corresponding to a given resonant state in the quantum well may be ob-
served in the experimental I-V characteristics at very different applied voltages
in reverse bias than in forward bias.

In Chapter 5, we propose and analyze two types of three—terminal devices
based upon resonant tunneling through quantum well and quantum barrier het-
erostructures. The first type includes two configurations in which a base voltage
controls the emitter—collector tunneling current by shifting the resonances in a
quantum well. In the proposed devices, the relative positions of the base and col-
lector are interchanged with respect to the conventional emitter—base—collector
sequence as a means for obtaining negligible base currents and large current
transfer ratios. The second type of three-terminal devices includes three config-
urations in which the current through a double barrier structure is modulated
by a Schottky barrier gate placed along the path of the electrons. These devices
feature, in their output current—voltage (Ip—Vp) curves, negative differential re-
sistances controlled by a gate voltage.

Chapter 6 presents a growth uniformity study performed on several of the
heterostructures discussed in the thesis. First, the reproducibility and unifor-
mity of the electrical characteristics of GaAs/AlAs tunnel structures are used
to show that the doping concentrations and layer thicknesses are uniform across
the samples under test. Secondly, discrete fluctuations in layer thicknesses are
discussed in GaAs/Alg35Gage5As double barrier heterostructures. These fluctu-
ations are manifested by non—uniform experimental results and by sequences of

negative differential resistances in the I-V characteristics of many devices.
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Chapter 1

Fundamental Properties and

Device Applications of
GaAs/Al;Ga;_,As Tunnel

Structures

1.1 Introduction

Semiconductor quantum well and quantum barrier heterostructures are a
topic of great current interest. They are frequently fabricated by molecular beam
epitaxy (MBE) or metalorganic chemical vapor deposition (MOCVD). These
techniques make it possible to grow epitaxial layers of one semiconductor on top
of another as thin as 10 to 20 A with interfaces as abrupt as a few atomic layers.

The properties of these structures result from quantum effects produced by
their small characteristic dimensions and from the band offsets at the heterojunc-
tion interfaces. Band offsets are potential energy discontinuities which charac-

terize the relative positions of the energy bands of two different semiconductors



brought into contact at an interface. These new aspects have no counterparts in
conventional semiconductor devices exploiting the bulk properties of the materi-
als. In particular, tunneling becomes an important current transport mechanism
in structures having thin quantum barriers. The associated tunneling effects

yield novel electronic properties, some of which remain to be fully understood.

Although other materials are being investigated,! =5 the III-V compound semi-
conductors GaAs and Al,Ga;_,As continue to be used extensively in experimen-
tal and theoretical studies of semiconductor heterojunctions.®~1® The band offsets
between both materials cause Al,Ga;_;As layers to act as potential energy barri-
ers to charge carriers in GaAs. A major advantage in using these two semiconduc-
tors is that they are lattice matched. As a result, negligible strain is introduced
into the crystals when they are grown on top of each other. Futhermore, GaAs
is important to both solid state physics in general, and device physics in particu-
lar. Because it is characterized by a high electron mobility and a large saturated
drift velocity, GaAs can be used in reliable semiconductor devices operating at
very high frequencies. Another important property of GaAs is that it is a direct
energy gap semiconductor having its conduction band minimum at the Brillouin
zone center (I'-point). Al,Ga;_,As is also a direct band gap material for small
Al compositions. However, it becomes indirect for Al contents greater than 0.40-
0.45, with the conduction band minima occuring in the < 100 >-directions, at
the X-point. Local minima also exist in the < 111 >-directions, at the L—point.
These are higher in energy than the X—point minima, but lower than the I'-point

minimum.?

In this thesis, electronic transport perpendicular to the heterojunction inter-
faces is investigated in GaAs/Al,Ga;_,As layered heterostructures. In the sim-
plest structure, electron transport occurs between two GaAs electrodes separated

by a single Al,Ga;_,As quantum barrier. In double barrier heterostructures, the



charge carriers tunnel through two Al,Ga;_,As quantum barriers separated by
a thin GaAs layer forming a quantum well. Both types of structures are studied,
and some of their electronic properties and device applications are discussed. It
is also shown that electrical characteristics provide information about the prop-
erties of the materials and the heterojunction interfaces, and may be used to

probe the growth uniformity of the samples under test.

1.2 Current Transport in Single and Double Bar-

rier Tunnel Structures

Electronic tunneling has been investigated in a number of structures, in-
cluding tunnel diodes, metal-insulator-metal and metal-semiconductor tunnel
junctions.'® A tunnel junction usually consists of two conducting layers of ma-
terial forming the electrodes, separated by a thin layer of material acting as a
potential energy barrier to the charge carriers in the electrodes. Upon apply-
ing a bias to the junction, charge carriers flow from one electrode to the other
by tunneling through the quantum barrier. This one must be sufficiently thin
to make the tunneling probability large enough. Barrier thicknesses are usu-
ally on the order of 50-100 A. Elastic tunneling occurs when charge carriers go
through the barrier without energy loss, from occupied states in one electrode
into unoccupied states in the other electrode. Elastic tunneling provides infor-
mation not only about the barrier penetration probability, but also about the
band offsets, the coherence length of the electron wave functions, and the com-
plex band structure in the barrier layers. As they tunnel through the structure,
the charge carriers may also be scattered or excite fundamental excitations such
as vibrational modes of local impurities, lattice vibrations, plasmons, etc. In

such processes, energy is not conserved; this is inelastic tunneling. If a funda-



mental excitation is created in an inelastic tunneling process, a charge carrier
loses a quantum of energy (hwp) to some mode as it tunnels. By the exclusion
principle, a tunneling transition can only occur from an initially occupied state
to an initially unoccupied state. As a result, the potential difference between
the Fermi levels in the electrodes determines which transitions are possible at
low temperatures. For carriers tunneling from left to right, an inelastic process
can only occur when there is an empty state in the right electrode at an energy
(hwp) below a filled state in the left electrode. The inelastic channel thus opens
up at a threshold voltage Vy = hwg/e. This produces a change in the slope of
the junction I-V curve at the applied bias V. Such effects are usually too small
to be easily detected in experimental I-V characteristics. However, sensitive
measurements of the first, (dI/dV)(V), and second, (d*I/dV?)(V), derivatives of
the I-V curves generally make it possible to detect inelastic tunneling processes.
This is because a change in the slope of an I-V curve at a particular threshold
voltage leads to a step discontinuity in the first derivative spectrum and to a
peak in the second derivative curve at the same voltage. If several modes can be
excited, each one contributes a peak in the second derivative at the correspond-
ing threshold voltage, so that the (d?I/dV?2)(V) curve is a direct representation
of their spectrum. The peak positions may thus be used to identify the scatter-
ing processes and the fundamental excitations which can couple to the tunneling
charge carriers. In addition, the peak amplitudes provide information about the
strength of the interactions. Inelastic tunneling measurements are usually made
at low temperatures. This is because the amplitude of a second derivative peak is
proportional to 1/kT and its resolution (full width at half height) is 5.4 kT.1® At
4.2 K, the resolution of inelastic tunneling spectroscopy is thus limited to about
2 meV. The usual technique for obtaining first and second derivative curves is

to superpose a small oscillatory component on the voltage ramp applied to the



junction, and to detect the signals generated at the first and second harmonics
of the modulation frequency, respectively.?® This modulation introduces an in-
strumental broadening of the second derivative peaks which is proportional to
Vin, the RMS amplitude of the oscillatory component of the applied voltage.!®
The resolution can thus be increased by decreasing the modulation amplitude.

Unfortunately, the time for measurement increases rapidly as V), is decreased.

The tunnel junctions discussed in this thesis consist of two degenerately doped
n—type GaAs electrodes separated by one or two Al,Ga;_,As quantum barriers.
Electron transport perpendicular to the layers is studied as a function of tem-
perature, doping densities and layer thicknesses. This is achieved by performing
I-V, as well as (dI/dV)(V) and (d*I/dV?)(V) measurements on the samples.
The derivative spectra are obtained using modulation frequencies of 5 and 50
kHz, respectively.?® Typical modulation voltages range between a fraction of mil-
livolt and 5 mV peak—-to—peak. In single barrier heterostructures, the dominant
current transport mechanisms are thermionic emission at high temperatures,
and elastic and inelastic tunneling at low temperatures. In double barrier het-
erostructures, resonant electronic states exist in the GaAs quantum well due to
the confinement of the electron wave functions by the Al,Ga;.;As quantum bar-
riers. These resonant states have the property of producing negative differential

resistances in the structure I-V characteristics.

1.3 Importance of the Study

The purpose of the experimental and theoretical study presented in this thesis
was to gain a basic understanding of GaAs/Al,Ga;_,As single and double barrier
tunnel structures. This was achieved by examining a few aspects of each of three

major topics of interest in the field of small-scale semiconductor heterostructures.



(1) We have investigated a number of fundamental electronic properties of the
structures. Emphasis has been placed on determining the dominant low tempera-
ture current transport mechanisms, identifying scattering processes, and showing
the importance of realistic energy band diagrams in interpreting experimental
results. (17) We have studied some device applications of resonant tunneling
through quantum well and quantum barrier heterostructures by proposing two
types of novel three-terminal devices. Such devices are a source of considerable
interest because they exhibit negative differential resistances in their current-
voltage characteristics and are expected to operate at very high frequencies. As
a result, they have potential applications in millimeter-wave oscillators,?! fast
switches, frequency multipliers, multistate memories and high-speed analog—to—
digital converters.?? (i7) We have investigated some growth properties of the
samples by attempting to characterize the quality of the constituent materials
and the heterojunction interfaces, and also by studying the uniformity of the

electrical characteristics and the effects of fluctuations in layer thicknesses.

The present study differs from other investigations of GaAs/Al,Ga;_,As
tunnel structures on a number of grounds. (z) While other studies have usu-
ally been either experimental or theoretical, this thesis develops several the-
oretical models which are used to interpret experimental results. (i7) Whereas
MBE is the most widely used technique for growing small-scale heterostructures,
the majority of the samples discussed in the following chapters were grown by
MOCVD. (u2) For simplicity, tunnel barriers are generally made of direct band
gap Al;Ga;_,As,(z < 0.40 — 0.45).19-1¢ The conduction band edge minimum in
the barrier layers then occurs at the I'-point. Only a few studies of heterostruc-
tures having indirect band gap Al,Ga;_,As®® or pure AlAs®7 barrier layers have
been reported. In most of the samples presented here, the quantum barriers con-

sist of indirect band gap Al,Ga;_,As or pure AlAs. Current transport in these



structures is more complex because tunneling through the Al,Ga;_,As band gap
at the I'-point usually fails to explain the experimental data. This indicates that
other transport mechanisms must contribute to the total current. In particular,
there must be contributions from tunneling through the Al,Ga;_,As band gap
at symmetry points other than the I'-point, which is actually higher in energy
than both the X- and L-points. Until recently, such effects have been totally
overlooked.??* (iv) Most studies of semiconductor tunnel structures have only
been concerned with elastic tunneling mechanisms. We also investigate inelastic
processes and effects related to anomalous zero-bias conductances. (v) The ex-
isting theoretical models for calculating quantum barrier tunneling probabilities
and tunnel structure I-V characteristics all assume that the entire applied volt-
age drops linearly across the barrier layers. We have performed the first realistic
calculations of energy band diagrams, making it possible to account for the actual
shapes of the tunnel barriers and the voltage drop distribution in the electrodes
as well as in the barrier layers. This is critical in calculating tunneling currents
and in interpreting certain experimental results which cannot be explained by

models in which band bending effects are neglected.

1.4 Summary of Thesis

In Chapter 2, energy band diagrams of single barrier heterostuctures are cal-
culated by solving Poisson’s equation self—consistently. The implications of these
energy band profiles on the electronic properties of a few structures of current
interest are discussed. In these structures, tunneling occurs between two degen-
erately doped electrodes separated by a single quantum barrier, which may be
either undoped, or doped p-type or n—-type. When a bias voltage is applied to

a heterostructure, the energy band profile gives the voltage drop distribution in



the cladding layers as well as in the barrier. This distribution may differ sig-
nificantly from that based on the commonly made assumption that the entire
applied voltage drops linearly across the barrier layer. The effects of applied
bias, barrier thickness, electrode doping density and barrier doping concentra-
tion are discussed in the case of GaAs—Al,Ga;_,As—GaAs heterostructures. It
is found that band bending plays a more important role for larger applied volt-
ages, thicker barriers, smaller electrode doping densities and larger barrier doping
concentrations. Energy band profiles are shown to be useful in determining the
nature of the dominant low temperature current transport mechanisms taking
place in these structures. In some cases, they reveal that these mechanisms
should be different from those predicted when band bending is neglected. Cal-
culations of tunneling currents using energy band diagrams are presented for
heterostructures in which the barrier layers are totally depleted of free carriers.
These currents are extremely sensitive to the actual shape of the barrier through
which the charge carriers tunnel. Energy band profiles may thus provide infor-
mation about certain quantities which are difficult to determine accurately, such
as band offsets and barrier doping densities. They may also be useful in study-
ing the novel electronic properties of single barrier tunnel structures from which
negative differential resistances are expected. This is illustrated in the case of

Hg,_,Cd,Te-CdTe-Hg;_,Cd,Te double heterojunctions.

In Chapter 2, a simple theoretical model is developed to calculate the energy
band diagrams and the current-voltage characteristics of single barrier tunnel
structures. In Chapter 3, these concepts are related to a study of elastic and
inelastic tunneling processes in GaAs-AlAs—GaAs double heterojunctions grown
by MOCVD in the [100]-direction. The GaAs electrodes in the heterostruc-
tures studied are degenerately doped n-type with Se. The AlAs quantum bar-

riers are doped either p—type with Mg or n-type with Se. Measurements of



current-voltage, I-V, characteristics, as well as first, (dI/dV)(V), and second,
(d*I/dV%)(V), derivatives of the I-V curves, are performed at temperatures
ranging from 300 to 4.2 K. In structures having thin p—type AlAs barrier layers,
the dominant current transport mechanisms at low temperatures are found to
be (1) elastic electron tunneling through the AlAs I'—point barrier; (i7) inelastic
and/or elastic tunneling through the AlAs X-point barrier; and (777) the cre-
ation of fundamental excitations such as phonons by electrons tunneling through
the AlAs band gap at the I'-point and at the X-point. The p-type barrier
heterostructures are classified into two categories depending upon the inelastic
processes which may be identified in the derivative spectra. These results reveal
that the dominant current transport mechanisms taking place in single barrier
tunnel structures depend upon the samples studied. This seems to be related
primarily to the quality of the materials and the heterojunction interfaces. A
number of samples also depict anomalous zero-bias conductances. These so—
called “zero-bias anomalies” may be due to interface states, or to trap levels
located in the AlAs barrier and/or near the heterojunction interfaces. A theoret-
ical model, which treats trap levels in the AlAs barrier as intermediate states for
two—step tunneling processes, is developed and discussed in the case of p-type
barrier structures. Calculations indicate that this impurity-assisted tunneling
current can become important when the AlAs barrier is thick enough. Samples
in which the AlAs layers are doped n—type are characterized by high current den-
sities at low temperatures, even when the AlAs layers are very thick (140-730
A). Furthermore, these samples do not display the proper relationship between
current density and barrier thickness expected from tunnel structures. Energy
band diagram calculations reveal that when the barrier layers are thick enough
and/or sufficiently doped, the AlAs conduction band at the X-point is not fully

depleted of electrons. The dominant low temperature current transport mech-
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anism is then tunneling through two reduced AlAs X-point barriers separated
by a bulk region of n-type AlAs. These results are consistent with the peaks
observed in the second derivative spectra of the samples. These peaks may be
attributed to the creation, by the tunneling electrons, of single AlAs X-point
phonons in the barriers, or to the excitation of two AlAs X—point phonons, one
near each heterojunction interface. In samples having sufficiently thin n-type
AlAs layers, the AlAs conduction band remains totally depleted of free carriers.
As a result, tunneling occurs through the AlAs band gap at the X—point and/or
at the T'-point, in a one-step process. The structure observed in the derivative
spectra of these samples is shown to be consistent with the excitation of mixed
plasmon-phonon modes by the tunneling electrons. Plasmons located near the
GaAs/AlAs interfaces can interact with GaAs and AlAs longitudinal optical (LO)
phonons when the doping density in the GaAs electrodes is such that the plasma

frequency becomes comparable to the LO phonon frequencies.

Chapter 4 deals with GaAs/Al,Ga;_,As double barrier heterostructures grown
epitaxially on [100]-oriented substrates. The resonant energy levels in the GaAs
quantum well which produce negative differential resistances in the experimental
I-V characteristics are identified. This is achieved by comparing the experi-
mental data to results anticipated from the calculated energy band diagrams of
the heterostructures. The validity of this approach is illustrated in the case of
samples having direct band gap Al,Ga;_.As barrier layers. The negative dif-
ferential resistances then arise without ambiguity from resonant tunneling via
quasi-stationary states in the GaAs quantum well confined by the Al,Ga;_,As
I'-point potential energy barriers. However, taking into account band bending ef-
fects and the fractions of applied voltage dropping in the cladding layers is shown
to be critical for obtaining good agreement between the positions of the quasi—

stationary levels in the quantum well and the peaks in current observed in the
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I-V curves. When the barrier layers are made of pure AlAs, resonant tunneling
via quasi-bound I'-states alone is often inconsistent with the I-V characteris-
tics of the samples. However, the experimental data can usually be explained
by tunneling via resonant states in the well confined by the AlAs X-point po-
tential energy barriers as well as the AlAs I'-point barriers. Furthermore, the
quasi-bound X-states are found to be associated with the large longitudinal X-
point electron mass in AlAs, and not with the small transverse effective mass.
This indicates that tunneling through the AlAs band gap at the X—point arises
primarily from the coupling of virtual AlAs X-point states with GaAs I'-point
states due to the breaking of translational symmetry in the direction perpen-
dicular to the heterojunction interfaces. It may thus be anticipated that the
dominant low temperature current transport mechanisms in GaAs/Al,Ga;_,As
double barrier heterostructures in which the barrier layers are made of indirect
band gap alloys are resonant tunneling via quasi-bound I'- and X-states. How-
ever, it is observed that the relative contributions of these two mechanisms differ
from sample to sample. In some cases, they also depend upon the sign of the ap-
plied bias. Such effects should thus be related to the quality of the materials and
the heterojunction interfaces. Resonant tunneling is also investigated in double
barrier heterostructures in which a low doped GaAs buffer layer is grown between
the degenerately doped GaAs electrode adjacent to the substrate and the first
Al;Ga;_,As quantum barrier. As long as the buffer layer is thin compared to
the GaAs electrode on top of which it is grown, the structure behaves as if it
had a uniformly doped back GaAs cladding layer. The average doping density in
this layer decreases as the GaAs buffer layer is made thicker and/or more lightly
doped. In these samples, the negative differential resistances corresponding to
a given resonant state in the quantum well may be observed in the experimen-

tal I-V characteristics at very different applied voltages in reverse bias than in
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forward bias. This may be used to determine the degree of asymmetry between
the doping density in the top GaAs electrode and the average doping level in the

back cladding layer.

In Chapter 5, we propose and analyze three-terminal devices based upon
resonant tunneling through quantum well and quantum barrier heterostructures.
Although other semiconductors could be used, the devices are presented in the
context of GaAs/Al,Ga;_;As heterojunction technology. Since tunneling is the
main current transport mechanism, these devices should feature the high-speed
capabilities associated with tunnel structures. Two types of resonant tunneling
transistors are proposed. The first kind includes two configurations in which the
relative positions of the base and collector are interchanged with respect to the
conventional emitter—-base—collector sequence. This provides a means for obtain-
ing negligible base currents and large current transfer ratios. In the proposerd
devices, a base voltage controls the emitter—collector tunneling current by shifting
the resonances in a quantum well. Calculations indicate that significant varia-
tions in the emitter—collector current—voltage characteristics can be obtained for
reasonable base—emitter voltages. These two devices are called a “Stark Effect
Transistor,” and a “Negative Resistance Stark Effect Transistor,” respectively. In
the second type of three-terminal devices, the current through a double barrier
heterostructure is modulated by a Schottky barrier gate placed along the path
of the electrons. In fact, these devices can be viewed simply as tunnel struc-
tures integrated with Schottky barrier field effect transistors (FET’s). Three
configurations are proposed and analyzed. All of them feature, in their output
current-voltage (Ip-Vp) curves, negative differential resistances controlled by
a gate voltage. Because of the high-speed characteristics associated with tun-
nel structures, these devices could find applications in tunable millimeter-wave

oscillators, negative resistance amplifiers and high-speed digital circuits.
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Chapter 6 is concerned with a growth characterization of the GaAs/Al,
Ga;_,As single and double barrier heterostructures described throughout the
thesis. First, the reproducibility and uniformity of the electrical characteristics
of a number of MOCVD grown GaAs/AlAs tunnel structures are investigated.
Current—voltage curves, along with their first and second derivatives, are mea-
sured for heterostructures having either one or two AlAs tunnel barriers. For
each sample studied, sets of 10 to 80 identical devices having specific sizes and
taken randomly across the wafer are systematically tested. Reproducible and
uniform results are obtained, showing evidence that the doping concentrations
and layer thicknesses are uniform across the samples under test. These results
suggest further that, in single barrier tunnel structures, the average fluctuations
in the thicknesses of ultra—thin layers can be as small as one atomic layer. Sec-
ondly, discrete fluctuations in layer thicknesses are reported in MOCVD grown
GaAs/Alp35GagesAs double barrier heterostructures. These fluctuations cause
the width of the GaAs quantum well to vary by discrete steps and the resonant
states in the well to form sets of quasi—stationary levels. These sets of discrete
levels are manifested by non—uniform experimental data and by sequences of neg-
ative differential resistances in the I-V characteristics of many devices. These

results indicate that islands are formed during the growth of certain samples.
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Chapter 2

Energy Band Diagrams and
Current—Voltage Characteristics
of Single Barrier Tunnel

Structures

2.1 Introduction

Semiconductor quantum well and quantum barrier heterostructures are the
object of considerable theoretical and experimental work. The small charac-
teristic dimensions of these structures makes tunneling an important current
transport mechanism. Although other materials are being studied,!=® GaAs and
Al;Gaj_;As continue to be used extensively. For these materials, emphasis is
currently being placed on resonant tunneling structures which display negative
differential resistances in their I-V characteristics,*~1° may operate at very high

6,

frequencies,®!! and are expected to be incorporated in high-speed three-terminal

devices.!?~1* However, understanding the current transport mechanisms taking
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place in single barrier structures is still of interest. These constitute the basic
units of a number of more elaborate heterostructures and make it possible to
study some fundamental physical properties of tunnel structures such as inelas-
tic processes, band offsets and band structures. Furthermore, they have recently
been the object of a revived interest since it has been proposed that, in some

cases, they may produce negative differential resistances.”3

In investigating the possible current transport mechanisms taking place in
single barrier structures, experimental current—-voltage (I-V') characteristics are
usually compared to theoretical I-V curves obtained from simple models.!5~17
These models all assume that the entire applied voltage drops linearly across the
barrier layer. However, tunneling currents are extremely sensitive to the actual
shape of the barrier through which the charge carriers tunnel and to the voltage
drop distribution not only in the barrier but also in the electrodes. Energy band
diagram calculations are thus important whether the barrier is doped or not. In
addition, energy band profiles reveal that, in some cases, the dominant current

transport mechanisms may differ significantly from those expected when band

bending is neglected.

In this chapter, we concentrate primarily on the importance of energy band
diagrams in calculating tunneling currents through double heterojunctions, and
in understanding some of the electronic properties of these structures. In Chapter
3, these concepts will be related to an experimental study of elastic and inelastic
tunneling processes in MOCVD grown GaAs—AlAs-GaAs heterostructures.

Although tunnel structures are often grown with nominally undoped barrier

layers,5—17

cases in which barriers are purposely doped may also be important:
(1) in investigating how electronic properties and scattering mechanisms may
vary when dopings are changed from p-type to n-type and from high to low;1819

and (42) in tailoring quantum barriers to particular heights and shapes. Further-
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more, ultra—thin layer doping levels are still difficult to control and determine
accurately. As a result, even when barriers are grown nominally undoped, non-
negligible background dopings or dopant memory effects may in fact cause them

to be doped to a significant level and modify the experimental data.?®

Section 2.2 presents the theoretical basis used to calculate the energy band
diagrams and current density vs. voltage (J-V') characteristics of single barrier
tunnel structures. In section 2.3, n*t—p-n™ heterostructures are discussed and
illustrated for the GaAs/Al,Ga;_,As system. It is found that applying a bias
voltage alters the shapes of the band edges not only in the barrier but also in the
cladding layers. Furthermore, the voltage drop distributions across the struc-
tures are strong functions of barrier thickness, electrode doping densities and
barrier doping concentration. This occurs because the amount of band bending
increases when the barrier layer is made thicker or more heavily doped, or when
the electrode doping is reduced. The calculated J-V curves are found to be very
sensitive to the barrier doping density. Tunneling characteristics could thus pro-
vide useful information about very thin layer doping levels, which are not directly
accessible experimentally. Section 2.4 is devoted to heterostructures having un-
doped barrier layers. In these structures as well, the voltage drop distributions
and the J-V curves may differ significantly from those based on the commonly
made assumption that the entire applied voltage drops linearly across the bar-
rier. Results obtained from nt-n-n* heterostructures are discussed in section
2.5. It is found that as long as the barrier layer is thin enough and not too heav-
ily doped, it remains totally depleted of carriers and the energy band profiles
bear a number of similarities with those of p—type or undoped barrier structures.
However, if the barrier is thick enough and/or sufficiently doped, it may feature
a region with bulk-like properties. Energy band diagrams indicate that when

this occurs, the dominant current transport mechanisms may be different from
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those predicted by the simple linear voltage drop model. This result is illustrated
for GaAs—AlAs—GaAs heterostructures. In section 2.6, other cases of interest are
presented. In particular, we consider structures in which the electrodes are de-
generately doped p—type and current transport occurs via the tunneling of holes.
We also consider single barrier tunnel structures from which negative differential
resistances may be expected. We show that energy band diagrams are useful
in properly choosing the parameters of such heterostructures. Although these
concepts are illustrated in the case of Hg; ,Cd,Te-CdTe-Hg; .,Cd,Te double
heterojunctions, other materials could be similarly analyzed. Finally, the results

of this study are summarized in section 2.7.

2.2 Theoretical Basis

2.2.1 Energy Band Diagrams

An energy band profile is found most readily by solving Poisson’s equation,

which relates the space charge density p(F) to the electric displacement 15(7") as

- B(7) = o). (2.1)
Taking a linear relationship between D and the static electric field & as D =

e, Poisson’s equation becomes, in one dimension:

dé(z) _ plz) _ p(z)
dr € e’ (2:2)

where ¢ is the dielectric constant of the material and ¢y the vacuum value.

In calculating energy band profiles, it is more convenient to solve directly for
the conduction band edge energy E.(z), or the valence band edge energy E,(z),
which may be related to the electrostatic potential ¢(z) or the electric field & (z)
as

dE.(z) _ dE,(z) dip(z)

Tz T = g, = el (z), (2.3)




20

where e is the magnitude of the electronic charge.

Poisson’s equation then takes the form

d*E.(z) d*E,(z) _ ep(z)

dz? dz? €0€r

(2.4)

The charge density p(z) is the sum of all the charged species present in the
material:

p(z) = —e(n —p+na—np), (2.5)

where n is the electron density in the conduction band, p is the hole density in
the valence band, n4 is the density of ionized acceptors, and np is the density of
ionized donors.

The number of occupied conduction band levels is

n= -\% N.(T) 55/2(

In this equation, p is the chemical potential; N.(T) is the effective density of

-"—:—lﬂ—“> (2.6)

states in the conduction band given by

N(T) =

* 3/2
1 (ZmekT> ’ (2.7)

nh?
where m? is the density—of-states effective mass for electrons in the conduction

band; and F/;(¢) is the Fermi-Dirac integral defined by

€l/2

Fiyals) = /oco 1+ ezxp(e—¢) de. (28)

For the Boltzmann statistics case in nondegenerate semiconductors, Eq.(2.6)

reduces to the well known form

n = N,(T) ea:p<~ (2.9)

Ec B M)
kT /-

In the case of degenerate semiconductors, the Fermi-Dirac integral form (2.6)

must be used to obtain the electron density at finite temperature. However,
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simple expressions may be obtained at absolute zero:

0) Ef < EC,
= .\ 3/2 2.10
"I\ (3) @ - B = s - By, B zm, B

where Ey is the Fermi energy.
Similarly, the hole density in the valence band at absolute zero is given by
0, Ef > Ey;

= ARS 2.11
’ ; <3§¥> (Es — E¢)** = An(By — E;)**, E; < E,. (2.11)

3r2

In this equation, mj}, is the density—of-states effective mass for holes in the valence

band:

my = (mp? + mp, Y, (2.12)

where mj, and mj}, refer to the light and heavy hole masses, respectively.

Calculating energy band profiles in the direction perpendicular to the layers
of double heterojunctions thus involves solving Poisson’s equation while satisfy-
ing the appropriate boundary conditions and requiring overall charge neutrality
across the structure. The boundary conditions are as follows. (i) Far enough
away from the barrier layer, the semiconductor properties are bulk-like. (i) If
there are no charges localized at the interfaces, the electric displacement D = €f
must be continuous. For an interface at z = z, between two regions (I) and (II),
we thus have €;&1(z0) = €118 (z0). (117) At each interface between two different
semiconductors, the band edges are discontinuous by a given amount equal to the
corresponding band offset. (vv) Under no applied bias, the Fermi level remains
constant throughout the entire structure. Under an applied bias V,, the Fermi
levels in the electrodes must differ by +eV,, depending on the polarity.

The expressions necessary for obtaining the energy band diagrams of sin-
gle barrier heterostructures are developed from the above equations under the
following assumptions. (i) The interfaces are assumed to be abrupt. This con-

stitutes a fairly good approximation in many structures, for improvements in
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growth techniques now allow the fabrication of interfaces as sharp as one atomic
layer. (i1) The temperature is assumed to be 0 K. The major advantage of this
approximation is that Egs.(2.10) and (2.11) for the carrier densities may be used
instead of the corresponding Fermi-Dirac integral forms. As a result, calculations
may be greatly simplified and a number of equations can be solved analytically.
In fact, the 0 K approximation remains quite good as long as it is used to de-
scribe low temperature properties of heterostructures. This is usually the case
in tunnel structures, which are frequently studied at liquid nitrogen tempera-
tures and lower. (u17) Two-dimensional energy subbands in accumulation layers
are neglected. Whenever accumulation regions exist, the corresponding subbands
should be solved for self-consistently and the appropriate density of states should
be used in the calculations. Although this effect may reduce the current densities
obtained from our simple model, it should not alter the results of our calculations
qualitatively. (7v) The densities of ionized impurities in each layer are assumed
to be determined experimentally, either from the flow rates or beam fluxes used
during sample growth, or from doping profile or Hall measurement techniques. In
nondegenerate semiconductors, free carriers are frozen out at low temperatures.
However, in degenerate materials, impurity bands are formed, which extend into
the conduction or valence bands and produce large free carrier concentrations
even at low temperatures. If band tailing effects are neglected, the Fermi level of
a degenerate bulk material at 0 K may be expressed in a very simple form. For
an n—type semiconductor having a density of ionized donors np, it follows from
Eq.(2.10) that
B2
E;~E.=6,= z—n—lz(?mznp)?/?’. (2.13)

[

Similarly, for a bulk p-type semiconductor having a density of ionized accep-
tors ng,

hZ
E,— E; =6, = ——(3n%n4)¥. 2.14
2 (2.14)
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2.2.2 J-V Characteristics

In this section, energy band diagrams are used to calculate the J-V char-
acteristics of single barrier heterostructures. These calculations are based upon
the model of Tsu and Esaki.* In this approach, the electrons in each of the
two cladding layers are assumed to form independent Fermi gases. Therefore, if

f(E, Ey) is defined to be the Fermi distribution function:

1

I8, B = =B kT + 1

(2.15)

the occupation probabilities for a state of energy E may be written as f(E, E’f)
and f(E,E%) in the left and right electrodes, respectively. If V, is the voltage
applied to the heterostructure, Ef, and E7%, the Fermi levels in the left and right

cladding layers, are related by
E, —E; =€V, (2.16)

The current density in the z—direction, perpendicular to the planes of the
layers, is then given by *

_ ¢ 3 1y Y . _8}13_
T2 = on kpgdk(f(E’Ef) (B, Bp)-T dk,’

(2.17)

where T is the transmission probability for an electron tunneling through the
barrier with energy E. In Eq.(2.17), E is measured with respect to the conduction
band edge in the left electrode at the first heterojunction interface.

In this paper, the WKB approximation is used to calculate T':
T exp(—Z/ kdz), (2.18)
0

where k is the imaginary part of the electron wavevector in the barrier of thickness

a. K is evaluated by using the two-band model, k - p theory formula described

by Kane:?!

) 2mo [ mo 2 Mo H mo :
K= {F“Egb(l'—M) +E95(E"Evb(x))(‘n;§“1)] “E+Evb(z)~Egb(2m;~l)J} >

(2.19)
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where m}, E,,, and E,,(z) are the electron effective mass, the energy gap, and
the valence band edge in the barrier, respectively.

This one-parameter (effective mass) formula is valid in the forbidden gap of
a direct semiconductor such as Al,Ga;_zAs with z < 0.40 — 0.45. In the case of
an indirect band gap semiconductor such as AlAs, it is more appropriate to use

the simple “one-band model” formula:

k(z) = zmz(Ec;L(f)“E) 1/2, (2.20)

where E,, (z) denotes the conduction band edge in the barrier.

2.3 p—-Type Barrier Structures

Let us first consider n™—p—n* double heterojunctions featuring a single p-type
barrier layer between two degenerately doped n—type electrodes. A schematic
diagram of the conduction and valence band edges of such a structure under
no applied bias is illustrated in Fig.2.1.  The two interfaces at z = 0 and
z = a define three spatial regions labeled (I), (II) and (III) in Fig.2.1, which
correspond to the left electrode, the barrier and the right electrode, respectively.
Since the carriers of importance in electronic transport across these structures
are conduction band electrons, the energy band diagrams are described in terms
of the conduction band edge E.(z). Since E.(z) — E,(z) = E,, the valence band
edge E,(z) in any region follows immediately from the value of the band gap,
E,, in that region.

As shown in Fig.2.1, the p—-type doping in the barrier causes the bands to
bend upward. As a result, the barrier conduction band remains totally depleted
of carriers and space—charge regions are formed in the cladding layers near the
interfaces. At the edges of the space—charge regions, taken as ¢; and ¢3 in the

left and right electrodes, respectively, the bands flatten and the semiconductor
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Figure 2.1: Schematic energy band diagram for an arbitrary n*—p-n* single
barrier heterostructure under no applied bias. Ey is the Fermi energy. E.(z) and
E,(z) denote the conduction and valence band edges, respectively. AE? (AE?)
and AE? (AE?) are the conduction (valence) band offsets at the heterojunction
interfaces. The origin of energy is taken to be the conduction band edge in the

left neutral semiconductor.
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properties become bulk-like. In the space—charge regions and the barrier, (¢; <
T < ¢3), an electric field |€] > 0 exists, whereas £ = 0 in the bulk semiconductor
regions (z < ¢; and z > ¢3). In the most general case depicted in Fig.2.1, each
cladding layer space—charge region may be divided into two subregions: (7) one
which is fully depleted of carriers and adjacent to the interface, such as regions
d; < z <0 and a < z < d3 in semiconductors (I) and (III), respectively; and (1)
one which is only partially depleted and extends up to the edge of the space-
charge layer, such as regions ¢; < z < d; and d3 < z < c¢3 in semiconductors
(I) and (III), respectively. According to the structure parameters and the bias
conditions, the fully depleted layers may or may not exist.

In this chapter, the widths of the entire space—charge regions are referred to
as Al in the left electrode and A7, in the right electrode. When fully depleted
regions exist in the left and/or the right cladding layers, their respective widths
are labeled A}, and A},. The notations used in Fig.2.1 thus yield A}, = —¢y;
A =3 —a; Ay = —dy; and Ap =d;—a.

Let y(z) = E; — E.(z). In terms of this new variable, Poisson’s equation
(Eq.2.4) becomes
ep(z)

G =V =22, (2.21)

Let AE?(AE?) and AE?(AE?) denote the conduction (valence) band offsets

at £ =0 and z = a. The ionized donor concentrations in semiconductors (I) and
(ITI) are np, and np,, and the density of ionized acceptors in the barrier layer
is na,. If Poisson’s equation is integrated in each region using the boundary
conditions described previously, the following relationships, expressed with the

notations of Fig.2.1, are obtained.

z < ¢1: Neutral bulk semiconductor in the left electrode
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hZ
yi(z) =6, = 5;;(371'211131)2/3. (2.22)
1

¢; < z < dy: Partially depleted space—charge region in the left electrode

pi(z) = —enq(z) + enp,,

m}\ 3/ 2 3/2
mie) = 5 (3 ) T @ = Aln (@),

[y (z)]? = 2(—‘3—2——”2‘31-) {g[ylé(::)]m - [ylé(::)} + g} (2.23)

with

dy < z < 0: Totally depleted space—charge region in the left electrode

pi(z) = enp,,

yi(z) = — (62”1" ) i v4(0) z + 1, (0), (2.24)

with
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ya(z) = <e2nA’> z + y5(0) = + y2(0), (2.25)

with

a < z < dj: Totally depleted space—charge region in the right electrode

p3(z) ~ enp,,

ys(z) = —~ <66207:D) - ; ) y3(a) (z — a) + ys(a), (2.26)
with

ya(a) = y2(a) — AET,

vsla) = (£2)sha).

€rg

ds < z < c3: Partially depleted space—charge region in the right electrode

p3(z) ~ —ens(z) + enp,,

2mes

3>3/2[y3($)]3/2 = As[ys ()],

5/2

o - o( o) (2]

51 63

y3(x)} + —g} (2.27)

with

y3(ds) =0,

6 /enp. b
o'y (ds) = _(f;f_fz_§>

S\ €okr,
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z > ¢3: Neutral bulk semiconductor in the right electrode

p3(z) =0,

2

)
ys(z) = 6 = o (3n2np,)?3. (2.28)
3

Egs.(2.23) and (2.27) are then integrated numerically to obtain y(z), and
thus E.(z), in each region. Once a value of the Fermi level with respect to the
conduction band edge at z = 0 (i.e., y1(0)) is set, Eqgs.(2.24), (2.23) and (2.22)
are successively used to find y;(z) in region (I) and determine d; and ¢;. Then,
Eqs.(2.25)-(2.28) yield y;(z) in layer (II) and y3(z) in region (III), along with ds

and c3. The total charge @ across the structure then takes the form:

% = —cynp, — ang, + (c3 — a)np, — Ay / d v (2)]*/2 dz — A, /d :3{y3($)]3/2 dz.
(2.29)

Different values of y;(0) are chosen until @ is found to be zero. It should be
noted that y;(0) and ys3(a) may be positive or negative, depending on the struc-
ture parameters. When y;(0) remains positive, d; = 0 and A, = 0. Similarly,
whenever ys(a) is positive, d3 = a and A\, =0.

Two examples of these calculations are illustrated in Fig.2.2 in the case of
GaAs—Aly3Gag.sAs—GaAs heterostructures. Only the conduction band edges are
displayed and the origin of energy is taken to be the conduction band edge in
the left neutral semiconductor. Since GaAs and Al;3GagrAs are direct band
gap materials, the energy band profiles correspond to the I'-point conduction
band edges. In GaAs (Alg3Gagr7As), the effective mass is taken to be 0.067 m,
(0.092 my), the relative dielectric constant is 13.1 (12.2), and the low temperature
band gap is chosen to be 1.52 ¢V (1.89 eV).?2 A valence band discontinuity of
(0.55 x z) eV is assumed at GaAs/Al,Ga;_,As interfaces,?® resulting here in

a conduction band offset of 210 meV. In Fig.2.2(a), a region which is totally
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Figure 2.2: Calculated I'-point conduction band edges, as functions of dis-
tance in the direction perpendicular to the planes of the layers, for n*—p-nt
GaAs-Aly3Gag7As—GaAs heterostructures under no applied bias. Free carrier
densities of 5 x 10'7 and 1 x 10%¢m~3 are taken in the left and right GaAs
electrodes, respectively. The density of ionized acceptors in the 150 A thick
Alp.3Gag7As barrier layer is 1 X 10¥¢m=3 in (2), and 5 x 10'"c¢cm=3 in (b). The

conduction band discontinuity at the heterojunction interfaces is 210 meV.
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depleted of carriers exists in each cladding layer, on either side of the barrier.
The corresponding structure has a 150 A thick p-type Alg3Gag7As barrier layer
in which the density of ionized acceptors is 1 x 10¥e¢m ™3, The two n-type GaAs
electrodes are asymmetrically doped, with free carrier densities of 5 x 107 and
1x10¥¢m ™ in regions(I) and (III), respectively. This asymmetry causes the fully
depleted space—charge region in the left electrode, (A, = 53 A), to be broader
than in the right electrode, (A}, = 14 A). For the same reason, the bands become
flat a distance AL, = 396 A away from the barrier in region (I), while bulk-like
properties are encountered a distance A}, = 343 A away from the barrier in region
(III). In Fig.2.2(b), the structure is the same as in Fig.2.2(a), except that the
density of ionized acceptors in the barrier has been reduced to 5 x107e¢m 3. Asa
result, the amount of band bending is decreased and the totally depleted space-
charge regions in the GaAs electrodes are suppressed. The bands also become
flat closer to the barrier than in Fig.2.2(a), specifically 286 and 265 A away from

the heterojunction interfaces in the left and right cladding layers, respectively.

The examples illustrated in Fig.2.2 indicate that large amounts of band bend-
ing may be obtained for values of structure parameters commonly used in grow-
ing GaAs/Al,Ga;_,As heterostructures. They indicate further that the presence
of ionized acceptors in region(II) may produce significant increases in barrier
heights, and that barrier dopings are critical in determining the actual shapes
of the barriers through which the GaAs electrons may tunnel. The most drastic
effects occur whenever fully depleted space—charge regions exist in the electrodes.
In Fig.2.2(a) for example, electrons near the Fermi level lie 280 meV below the
barrier conduction band edge maximum and must tunnel through parts of the

GaAs cladding layers in addition to the Al;3Gag.7As barrier itself.

The energy band profiles of biased heterostructures may also be found using

the approach described above once two assumptions are made: (i) steady-state
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conditions; (77) electrons flowing across the structures do not significantly alter
the overall shapes of the band diagrams. When a bias voltage V, is applied across
a double heterojunction, the Fermi energies Eff and E% in the bulk semiconductors
(I) and (III), respectively, satisfy E} — E} = eV,. Eqgs.(2.22)~(2.24) and (2.26)-
(2.28) still hold provided yy(z) and ys(z) are now defined with respect to the

Fermi energy in the corresponding cladding layer:
yi(z) = By — Eu(z), (2.30)

and

ys(z) = E} — E5(z). (2.31)

In the barrier layer, Poisson’s equation is integrated in terms of E.,(z), yield-
ing

2 2
S )+ B (0) 2 + B (0), (2.32)

2

Bas) = - (

EO 6?'2

with, at z = 0:

E.(0) = Elf —11(0) + AE?,

B, (0) =~ (£ )i 0)

€r,

and, at z = a:

ys(a) = E} — eV, — E,,(a),

vs(a) = - (2 L (o).

€rg

Two examples of these calculations are illustrated in Fig.2.3, in which 300 mV
are applied across the structures depicted in Fig.2.2. They reveal that the applied
voltage drops not only in the Aly3Gag.7As barrier but also in the electrodes, (ie.,
alters the shapes of the band edges in the cladding layers as well as in the barrier).
The voltage drops Vi, V; and V; in regions (I), (II) and (III), respectively, are
given by

eV1 = [11(0)]y, 20 — [1(0)]y, = (2.33)
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level in the left (right) cladding layer.



34

eVy = [Ecz (0) - Ecz (a)]Vast - [Ecz(o) - Ecz (a)]v,,:o’ (2'34)

and
eVs = [us(a)ly,— — [vs(a)]y, 20- (2.35)

For the structure shown in Fig.2.3(b), 54% of the total applied bias drops
in the barrier, while 19% and 27% drop in the left and right cladding layers,
respectively. In the case depicted in Fig.2.3(a), only 45% of the applied voltage
is dropped across the barrier, while 23% is dropped in the left electrode, and 32%
in the right electrode. This occurs because more voltage drops in the cladding
layers of the heterostructure featuring the larger zero-bias electrode space—charge
regions, thus reducing the percentage of applied voltage dropping across the
barrier.

Fig.2.3 also illustrates the general behavior of the energy band profiles of
biased structures. As the negative voltage applied to the left electrode with re-
spect to the right one is increased, the space-charge region in the right cladding
layer becomes larger, and the percentage of total applied voltage dropping in
region (III) increases. On the other hand, the depletion region in the left elec-
trode is reduced and an accumulation layer appears when the heterostructure is
sufficiently biased. As this accumulation layer becomes larger, the percentage of
total applied bias dropping in region (I) is reduced, along with the effective con-
duction band offset, AE,;; = (E.,(0) — E}), for incident electrons near the Fermi
level Elf These results are illustrated in Figs.2.4 and 2.5, which correspond to
the structure depicted in Figs.2.2(b) and 2.3(b). Fig.2.4 represents plots of the
voltage drops V1(V,), V2(V,) and V3(V,), expressed as percentages of the total
applied bias, V,. For this particular structure, the asymmetric electrode doping
densities cause V; to be greater than V3 at low voltages and the curves Vi(Va)

and V3(V4) to cross at V, = 150 mV. In the case of symmetric structures, V;(V,)
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Al, corresponds to the accumulation layer in the left electrode. The structure is

the same as in Figs.2.2(b), 2.3(b) and 2.4.
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and V3(V,) cross at V, = 0. As indicated in Fig.2.4, the rate at which V3(V,)
increases in region (III) is larger than the rate at which V1(V,) decreases in region
(I). It follows that V5(V,) is a decaying function, and that V3 becomes greater
than V5 when the largest fraction of the applied bias drops in the right electrode
depletion region. In the case depicted in Fig.2.4, this occurs when V, > 1.22 V.
For this heterostructure, it should also be noted that the maximum value of V;
is only 0.58V,. This is in disagreement with simple models which neglect band

bending and assume that the entire applied voltage drops in the barrier.

In Fig.2.5, the widths of the total space—charge regions in the electrodes,
A%, Al and A7, are plotted against V,, along with the depletion length A}, in
the right cladding layer and the effective conduction band offset AE,;;. When
V. = 110 mV, a totally depleted region appears in the right electrode. As V,
is further increased, the charge motion occurring in region (III) is manifested
through monotonic increases in the band curvature and the length A%, of the
fully depleted space—charge layer. The width A7, of the total space-charge region
thus increases by the same amount, and the two curves A7, (V) and A%, (V,) remain
parallel. Whereas these two functions are monotonic and slowly varying over the
entire voltage range, the space—charge region in the left electrode behaves quite
differently. As V, increases from zero, the positive curvature of the band edges
in region (I) is reduced, causing A% to decrease rapidly and vanish at V, = 110
mV. At larger applied voltages, the band edge curvature in the left cladding
layer becomes negative and charges accumulate near the interface at £ = 0. As
shown in Fig.2.5, the accumulation length Al first increases very rapidly with
V.. However, the slope of A} (V,) gradually decreases and becomes smaller than
that of A7 (V) at applied voltages greater than 350 mV. This behavior is closely
related to the evolution of the band edge curvature with bias in the cladding

layers. At low voltages, the curvature of the bands in region (I) is much smaller
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than in region (III). As a result, for the same amount of charges accumulating in
the left electrode and depleting the right electrode, the variation in accumulation
length in region (I) is greater than the variation in depletion length in region
(IIT). As V, is made larger, the curvature of the bands increases faster in the
left cladding layer than in the right one and the slope of AL (V,) is reduced.
Eventually, when V, > 350 mV, the curvature of the bands becomes larger in
region (I) than in region (III) and the variation in accumulation length in the
left electrode becomes smaller than the variation in depletion length in the right
electrode. The effective conduction band offset, AE,;;(= E,(0) — EY), is a
measure of the actual barrier height for incident electrons at the Fermi energy
E} This quantity remains constant in models which assume that the entire
applied voltage drops linearly across the barrier layer. It is actually a fairly
rapidly decaying function of V,. In Fig.2.5, for instance, AE,s; is 203 meV at
zero bias, but only 116 meV at V, = 0.5 V and 62 meV at V, = 1.0 V. It

eventually vanishes for an applied voltage of 1.75 V.

The energy band profiles depicted in Figs.2.2 and 2.3 reveal that the band
diagrams and the voltage drops in each region depend strongly upon the structure
parameters. The effects of barrier thickness, electrode doping density and barrier
doping concentration are illustrated in Figs.2.6-2.9 in the case of symmetric
GaAs-Aly 4GaggAs—GaAs double heterojunctions. The Alg4GaggAs barrier is
characterized by a low temperature band gap of 2.02 eV, an electron I'-point
effective mass of 0.100mg, and a relative dielectric constant of 11.9.22 Using a
valence band discontinuity of (0.55 X z) eV, the conduction band offset is found
to be 280 meV. Fig.2.6 depicts four zero bias energy band profiles. In Figs.2.6(a)
and (b), the free electron concentration in both GaAs cladding layers is taken to
be np = 1 x 10'¥¢m ™3, corresponding to a Fermi level of 54 meV. The p-type

barriers have a density of ionized acceptors, n4,, of 5x 107¢m =3, and thicknesses



Conduction band edge (meV)

Conduction band edge (meV)

500 |GaAs(n)—~Al, Ga, As{p)—GaAs(n)
V, = 0 mVv
250}
0
1210 em™  5x107 em™®  1x10"® cm™?
(@ . .
-250 (o} 250 500
500 V. =0 mv

250}

110" cm=®  5¢10'7 cm™ 1x10"® em™3
(b) _
-250 (o] 250 500

Distance (A)

39

Conduction band edge (meV)

Conduction band edge (meV)

S00

250

500}

250 ¢

V, =0 mv

5107 em™  5x10"7 em™?  5x10Y em™?
© . .
-250 0 250 500

1x10"® e¢m™3

(d)

1x10"% em™  1x10'® em™d

-250

[o} 250 500
Distonce (A)

Figure 2.6: Calculated I'-point conduction band edges for symmetric nt—p-n+t

GaAs-Alp4 GageAs—GaAs heterostructures under no applied bias. In (a), the

GaAs electrodes are doped at 1 x 10'®cm™~2 and the density of ionized acceptors

in the 200 A thick barrier layer is 5 x 10'7cm=3. (a) may be used as a reference

for the other three structures: in (b), the barrier thickness has been reduced to

100 A; in (c), the electrode doping density has been changed to 5 x 1017¢m™=3; in

(d), the barrier doping concentration has been increased to 1 x 10%¢m=3. The

conduction band offset at the heterojunction interfaces is taken to be 280 meV.



40

of 200 and 100 A in Figs.2.6(a) and (b), respectively. Fig.2.6(c) illustrates the
effect of electrode doping by showing a structure which only differs from that
depicted in Fig.2.6(a) by the free electron density in the cladding layers. This

3, corresponding to a Fermi energy

density has been reduced to 5 x 107em™
of 34 meV. The effect of barrier doping is illustrated in Fig.2.6(d), in which
the heterostructure is the same as in Fig.2.6(a) except for the density of ionized
acceptors in the barrier, which is taken to be 1 x 10'8¢m ™2 instead of 5 x 1017¢m 3.

Figs.2.6(a) and (b) indicate that when region (II) is made thicker, the amount
of band bending increases both in the barrier and the cladding layers. This
occurs because more ionized acceptors are present in thicker barrier layers, thus
requiring more electrons to migrate from the electrodes into the barrier to make
the Fermi level constant throughout the entire structure. A meaningful quantity
in describing the amount of band bending and characterizing the actual height
of the tunnel barrier is the conduction band edge maximum in region (II) in

the unbiased structure. For symmetric ntT—p-n* double heterojunctions, this

maximum is E.,(a/2), given by

2 2
E.,(a/2) = — (%’Z—é-) %+ EL(0) 5+ B (0) (2.36)
r2

This quantity is plotted in Fig.2.7(a) as a function of barrier thickness for
structures such as those depicted in Figs.2.6(a) and (b). E,y(a/2) is a rapidly
increasing function of a. This occurs because both E,;(0) and E'.,(0) increase
with barrier thickness in such a way that the last two positive terms in Eq.(2.36)
always dominate the first negative term. In Fig.2.7(a) for example, E.y(a/2) is
already 355 meV in the case of a 200 A thick barrier layer, and as large as 580
meV, more than twice the conduction band offset, for a 450 A thick barrier.
Furthermore, as illustrated in Figs.2.6(a) and (b), an increase in barrier height
is also accompanied by an increase in the distance Ap (A% = A%, for symmetric

structures at zero bias) over which the bands bend in the cladding layers. Con-
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Figure 2.7: Variations with barrier thickness of energy band profile properties
of n*—p-n* heterostructures having, as in Figs.2.6(a) and (b), doping densities
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illustrates the properties of the unbiased structures: Ap is the distance over
which the bands bend in the cladding layers, and Ap is the width of the fully
depleted space—charge regions in the electrodes. E.,(a/2) denotes the barrier
conduction band edge maximum. (b) depicts the voltage drops Vi(a), V2(a) and
V3(a) in regions (I), (II) and (III), respectively, when the structures are under an

applied bias of 250 mV.
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sequently, for thick enough barriers, (¢ > 280 A in Fig.2.7(a)), fully depleted
space—charge regions of width Ap exist in the electrodes near the heterojunction
interfaces. Fig.2.7(a) indicates that Ap(a) first increases very rapidly, and then
becomes linear as soon as Ap > 0. This occurs because a variation Aa in barrier
thickness produces a variation in barrier charge which is proportional to Aa. The
subsequent variation AQ, in electrode charges is thus also proportional to Aa.
As long as the cladding layer space—charge regions remain partially depleted,
their width variation, AAp, is not proportional to AQ., and Ap is a rapidly in-
creasing function of a. However, when fully depleted space—charge regions exist
in the electrodes, AQ, is proportional to AAp, and Ap increases linearly with
a. Furthermore, when this occurs, AAp = A)p. As a result, Ap(a) is also lin-
ear with the same slope as Ap(a). This slope varies with electrode and barrier
doping densities: it decreases when the electrode dopings become larger or when
the barrier doping is made smaller, i.e., when the amount of band bending is

reduced.

The evolution of zero-bias band diagrams with barrier thickness may be used
further to explain some properties of the energy band profiles of biased het-
erostructures. In Fig.2.7(b), the voltage drops Vi(a), V2(a) and V3(a) in regions
(I), (II) and (III), respectively, expressed as percentages of the total applied bias,
are plotted for the same heterostructures as those discussed in Fig.2.7(a). The
applied voltage, V,, is taken to be 250 mV. The voltage drop, V5, across the bar-
rier first increases rapidly with a. For barriers thicker than about 300 A, Va(a)
becomes a very slowly varying function, going to a maximum asymptotic value
of 0.72V,. Similarly, the voltage drops Vi(a) and V3(a) in the cladding layers de-
crease rapidly for thin barriers and become almost constant when region (II) is
thicker than approximately 300 A. As indicated in Fig.2.7(a), the cladding layer

space-charge regions are much wider than the barrier itself when a is very small.
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As a result, a large fraction of the applied bias is dropped in the electrodes and V;
is small. As the barrier is made thicker, the ratio Ap/a decays rapidly, resulting
in a fast decrease of V; and V3, and a rapid increase of V;. The reason why Vi and
V3, and thus V;, become very slowly varying functions of a is due to the fact that
when fully depleted space—charge regions exist at zero bias in the cladding layers,
they sustain most of the voltage drops occurring in the electrodes. Since their
widths increase linearly with a, they drop about the same percentage of total
applied voltage regardless of the value of a. As shown in Fig.2.7(b), the maxi-
mum asymptotic value of V2(a), due to the finite voltage drops in the cladding
layers, sets an upper limit to the fraction of applied bias which may drop across
the barrier. This value may be used to evaluate the smallest error made when

band bending is neglected.

Figs.2.6(a) and (c) illustrate the effect of electrode doping concentration on
zero—bias energy band diagrams. As np, the density of free carriers in regions
(I) and (III), is decreased, the bands in the cladding layers bend more and over
larger distances. As a result, the barrier height increases, and for small enough
values of np, fully depleted space-charge regions may appear in the cladding
layers. For symmetric structures such as those depicted in Figs.2.6(a) and (c),
Fig.2.8 indicates that as long as np < 7 x 10'7e¢m =3, fully depleted space-charge
regions exist in the electrodes. Their width, Ap, and thus the distance Ap over
which the bands bend in regions (I) and (III), decays very rapidly when np is
increased. The same is also true for the barrier conduction band maximum,
E.y(af/2). When np > 7 x 10'7e¢m ™3, the cladding layer space—charge regions
are only partially depleted (Ap = 0), and further increasing the electrode doping
densities does not modify the energy band profiles very much. It follows that Ap

and E.,(a/2) become slowly decaying functions of np.

The solid line in Fig.2.9 illustrates how the energy band diagrams of biased
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structures vary with electrode doping. It corresponds to the same heterostruc-
tures as those discussed in Fig.2.8. Again, the total applied bias is 250 mV. The
variations of Vi(np), Va(np), and V3(np) may be understood in terms of the zero-
bias band profile properties shown in Fig.2.8: because Ap and Ap are decaying
functions of np, the voltage drops V; and V3 in the cladding layers are reduced
when np becomes larger and V, increases monotonically with np. Furthermore,
since the variations of Vi(np) and Vz{np) are closely related to those of Ap(np)
and Ap(np), the slope of V3(np) is large whenever totally depleted space~charge
regions exist in the electrodes at zero bias. It gradually decreases as np increases
when Ap = 0. As in Fig.2.7(b), the finite voltage drops in the cladding layers set
an upper limit to the amount of voltage dropping in the barrier. In the present
case, this limit is 0.80V, and may be achieved at very high doping densities only.
However, in practical cases, V3 is significantly reduced. For example, V5 is 0.64 V,

for np = 1 x 10*¥¥em =2 and only 0.52V, for np = 5 x 107e¢m 3.

The energy band diagrams depicted in Figs.2.6(a) and (d) indicate that the
shapes of the band edges in the barrier and the cladding layers may also be greatly
modified by making n4,, the density of ionized acceptors in region (II), larger.
When ny, is very small, (n4, < 5Xx10'%cm™2 for the structures under discussion),
the band edges remain almost flat and E,,(a/2) does not differ significantly from
the conduction band offset. As ny, increases, the amount of band bending, and
thus the barrier height and the cladding layer space-charge region widths, Ap
and Ap, become larger. As long as these space—charge regions remain partially
depleted (Ap = 0), the slope of Ap(na,) is large. However, it decays with ng4,,
and when fully depleted space—charge regions exist near the heterojunction in-
terfaces (Ap > 0), both Ap(n4,) and Ap(na,) become linear. For example, when
na, > 7x 107em™2 in structures such as those illustrated in Figs.2.6(a) and (d),

incrementing n4, by 1 x 10*7¢m™3 causes Ap(ngs,) and Ap(na,) to increase by
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10 A. This slope would be larger for thicker barriers or smaller electrode doping
densities. For the same reasons, the barrier height increases rather slowly with
the barrier doping concentration as long as Ap = 0, but more and more rapidly
when Ap > 0. For the heterostructures under discussion, E.,(a/2) is only 294
meV when n4, = 1 x 10"7¢m™3, but 444 meV when n4, = 1 X 10%m™2, and 729
meV, 2.6 times the conduction band offset, when n4, = 2 x 108¢m™3. Because
Ap and Ap are increasing functions of the barrier doping density, the same is true
for the voltage drops in the cladding layers. As a result, the fraction of applied
bias dropping in the barrier is a decaying function of ny4,. This is illustrated by
the dashed line in Fig.2.9. It corresponds to structures under an applied voltage
of 250 mV having, as in Figs.2.6(a) and (d), a 200 A thick Aly4GageAs barrier
and electrode free carrier densities of 1 X 10¥¢m 3. For these heterostructures,
V, reaches a maximum value of 0.69V, when V, = 250 mV. As discussed previ-
ously, this value could be made larger by increasing the barrier thickness or the

electrode doping densities.

The actual shape of the barrier through which electrons in the cladding layers
may tunnel depends strongly upon the structure parameters. This dependence
is expected to be reflected in the J-V characteristics of the heterostructures. In-
creasing the barrier thickness or decreasing the electrode doping level will indeed
reduce the current density. However, the J-V curves are particularly sensitive to
the barrier doping concentration. Fig.2.10 depicts elastic tunneling J-V char-
acteristics calculated for a GaAs—Aly;GaggAs—GaAs heterostructure in which
a =120 A and np = 2 x 108cm 3. As anticipated from the above discussion,
increasing n4, causes the current density to be reduced because the amount of
band bending and the barrier height become larger. Fig.2.10 also indicates that
J increases by more than 1.5 order of magnitude when n4, is varied from 2 x 1018

to 1 x 10'®c¢m ™2, but only by half an order of magnitude when n,4, is reduced
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Figure 2.10: Theoretical current density vs. voltage (J-V) characteristics
for elastic tunneling through n*-p-n* GaAs-AlyGagsAs—GaAs heterostruc-
tures having a 120 A thick barrier layer and electrode free carrier densities of
2 x 108¢m™3. The five J-V curves correspond to densities of ionized acceptors

in the Al 4GageAs barrier ranging between 5 x 10'® and 2 x 108cm 3.
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from 1 x 10'® to 5 x 10¢m™3. These results suggest that tunneling through
single barrier heterostructures could provide useful information about ultra—thin

layer doping levels.

2.4 Undoped Barrier Structures

These structures are important since many experimental studies of tunneling
processes are performed on heterostructures composed of nominally undoped

barriers adjacent to degenerately doped electrodes.

The formalism used to calculate the energy band diagrams of nt—i—n™ single
barrier structures is the same as that developed for nt—p-n™ heterostructures.
This is because the barrier is also totally depleted of carriers. Fig.2.11 illustrates
the energy band diagrams of two asymmetric nt-i-n* heterostructures at zero
bias. Fig.2.11(a) corresponds to a GaAs—Aly4GagsAs—GaAs structure having a
100 A thick barrier layer and free electron densities of 1 x 107 and 1 x 10*%¥¢m=3
in the left and right cladding layers, respectively. As a result of the asymmet-
ric electrode dopings, electrons accumulate in the left electrode near the first
heterojunction interface, while a partially depleted space-charge region adjacent
to the second heterojunction interface exists in the right electrode. Since ng,
vanishes in Eq.(2.25), the band edges remain linear in the barrier. Fig.2.11(b)
depicts a GaAs—Aly4GaggAs—Aly1GaggAs structure in which the barrier layer
is 100 A thick and the electrodes are doped at 5 x 107¢em~3. The conduction
band offsets at the interfaces are taken to be AE? = 280 meV and AE? = 210
meV. In the Aly1GagpoAs cladding layer, the effective mass is 0.075 my, and the
relative dielectric constant is 12.8.22 Because the electrodes are made of different
materials, the Fermi level lies 34 and 31 meV above the conduction band edges

in the left and right neutral semiconductors, respectively. As in Fig.2.11(a), the
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Figure 2.11: Calculated I'-point conduction band edges for two asymmetric n*-
i-nt heterostructures under no applied bias. In both cases, the 100 A thick
barrier layer is made of Aly4GaggAs. In (a), the two GaAs electrodes are
asymmetrically doped, with free electron densities of 1 x 10'¢m =3 in region
(I) and 1 x 10'8¢m~2 in region (III). In (b), the two cladding layers are doped at
5 x 10'7¢m~3. However, they are made of different materials: GaAs in the left
electrode, and Aly;GaggAs in the right electrode. The conduction band discon-
tinuities are taken to be 280 meV at GaAs—Aly4Gag¢As interfaces and 210 meV

at Alg.1GaggAs—Aly4GageAs interfaces.
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band edges remain linear in the barrier but bend in the electrodes.

In the case of symmetric heterostructures, all the bands are flat at zero bias.
When the structures are biased, setting n,, equal to zero in Eq.(2.32) causes
the band edges to remain linear in the barrier. However, accumulation and
depletion regions exist in the cladding layers. Corsequently, part of the applied
voltage drops in the electrodes and the shapes of the band edges differ from those
obtained when band bending is neglected. These results are illustrated in Fig.2.12
for a symmetric GaAs-Alg4GageAs—GaAs heterostructure having a 100 A thick
barrier layer and GaAs free electron densities of 5 X 10'7e¢m™3. Figs.2.12(a) and
(b) correspond to applied voltages of 100 and 300 mV, respectively. The solid
lines represent the actual energy band profiles. The solid—dashed lines depict
the conduction band edges obtained when band bending is ignored. Fig.2.12(a)
reveals that both diagrams are similar at low biases. However, increasing V,
causes the electrode space—charge regions to become larger and the shapes of the
band edges to be further altered, not only in the cladding layers but also in the
barrier. As a result, AE.;;(= E.,(0) — E%), the effective conduction band offset
for incident electrons near the Fermi level in the left electrode, is a decaying
function of applied voltage. If band bending is neglected, the band edges remain
flat in the cladding layers and AE,s; is constant regardless of the value of V.
Such discrepancies between the two models are expected to be manifested most
clearly in studies of tunneling processes, which are extremely sensitive to the
shape of the barrier through which the charge carriers tunnel. For example,
Fig.2.12(b) indicates that when V, = 300 mV, the tunneling length for electrons
near the Fermi level in the left electrode is in fact the full barrier thickness, as

opposed to only 82 A if band bending is neglected.

Fig.2.13 illustrates the dependence of the energy band diagrams upon barrier

thickness and electrode doping concentration. Fig.2.13(a) gives the voltage drops
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Ve(a), V& (a) and V&(a) for structures having electrode free carrier densities,
n$, of 1 x 107em™3. The barrier voltage drop is also plotted in dashed line
for nf, = 5 x 10"7e¢m=3, (V), and in dotted line for n}, = 1 x 10%em™3, (V).
Fig.2.13(b) shows plots of V,(np) for different barrier thicknesses. These figures
reveal that, as in nt—p-n™t structures, V, is an increasing function of barrier
thickness and electrode doping concentration. Consequently, the error made
by neglecting band bending increases when the electrode doping densities are
lowered and/or the barrier is made thinner. For example, in a typical GaAs-
Aly 4GaggAs—GaAs tunnel structure having a 100 A thick barrier and electrode
doping densities of 5 x 107¢m™3, the voltage drop across the barrier is only
0.45V, at V, = 250 mV. This effect is strongly reflected in the structure J-
V curves shown in Fig.2.14. The solid line is the characteristic calculated
from energy band diagrams, J,(V,). The dashed line corresponds to the J-
V' curve obtained when band bending is ignored, J,;(V,). As expected from
Fig.2.12, both curves are in good agreement at low applied voltages (V, < 100
mV), but deviate more significantly as V, becomes larger. This illustrates the
importance of band bending in calculating tunneling currents, even when the
barrier is undoped. Whereas J,(V,) increases gradually, J,,(V,) displays a sharp
turn—on corresponding to the voltage at which electrons in the left electrode start
tunneling through a triangular barrier. At lower biases, J, > J,; because the
energy band profiles feature an accumulation layer in the left electrode and the
effective conduction band offset for the tunneling electrons is a decaying function
of V,. At higher voltages, J, < J,,; because the reduction in the tunneling length
when band bending is neglected dominates the competing effects produced by

the bending of the energy bands.

Another issue of interest is that of band offsets at heterojunction interfaces.

These values are still somewhat a matter of debate in the GaAs/Al,Ga;_,As sys-
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tem. Taking a valence band discontinuity of (0.55 x z) eV?*® yields a conduction
band offset, AE,, which is only about 56% of the direct band gap difference,
AE;, when = = 0.4. However, values of AE, as high as 0.75 AE; are still com-
monly used.** If AF, is taken to be 0.65 AE;, the conduction band offset at
GaAs/Aly4Gag¢As interfaces is 325 meV, and not 280 meV as assumed through-
out this chapter. The J-V curves calculated using these two values display the
same general behavior, but differ by as much as half an order of magnitude.
Tunneling characteristics could thus provide useful information about the values

of band offsets.

Fig.2.15 illustrates how the J-V characteristics may vary with barrier thick-
ness and electrode doping density. Fig.2.15(a), which corresponds to np =
1 x 10"%¢m=2 and four different barrier thicknesses (a = 50, 100, 150, 200 A),
shows that J is a rapidly decaying function of a. In this case, J drops by about
3 orders of magnitude when a is increased by 50 A. In Fig.2.15(b), the barrier
is 100 A thick and the electrode doping density is varied between 1 x 10'7 and

2 x 10%8¢m 3.

2.5 n—Type Barrier Structures

When the barrier layer is doped n-type, the band edges at zero-bias bend
downward and not upward as in the case of p—type barrier structures. Depending
on doping concentrations and barrier thicknesses, two cases may occur. (1) When
the barrier layer is thin enough and/or sufficiently lightly doped, its conduction
band remains totally depleted of carriers. This case is similar in a number of
ways to those discussed previously. (77) When the barrier is thick enough and/or
sufficiently doped, its conduction band is no longer fully depleted, and a region

with bulk-like properties may exist in the barrier layer. This may greatly modify
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the nature of the dominant current transport mechanisms occurring in these

structures.

In the case of totally depleted barriers, the energy band diagrams may be
found using the same approach as for nt—p—n™' heterostructures provided that

na, is replaced by (—np,), where np, is the concentration of ionized donors in

2
the barrier. An example of these calculations is illustrated in Fig.2.16, again in
the case of a symmetric GaAs—Aly 4GaggAs—GaAs heterostructure for compari-
son with nt~p-n* and nt—i—n* structures. The electrode free carrier density is
taken to be 1 x 10¥¢m~3. The barrier is 200 A thick, with np, = 5 x 107em 3.
Fig.2.16(a) represents the conduction band edge at zero bias, while Fig.2.16(b)
corresponds to an applied voltage of 300 mV. As shown in Fig.2.16(a), the zero—
bias space—charge regions in the electrodes now take the form of accumulation
layers. This is because all the free carriers in the barrier have migrated into the
adjacent cladding layers to make the Fermi level constant throughout the het-
erostructure. As before, the space—charge regions and the band bending become
larger when the electrode doping densities are decreased or when the barrier
thickness or doping concentration are increased. As a result, the average bar-
rier height may be significantly reduced. For example, the barrier conduction
band edge minimum is only 153 meV above the Fermi level in Fig.2.16(a). It
would lie 226 meV above E; in the case of an undoped barrier. Fig.2.16(b) il-
lustrates the behavior of the energy band profiles of biased structures. As V, is
increased from zero, more electrons accumulate in the left cladding layer near
the first heterojunction interface. In the right electrode, the accumulation layer
is progressively reduced until the slopes of the band edges become negative and
a depletion region is formed, (A7, > 0). Eventually, when V, is sufficiently large,
a fully depleted space-charge layer (A}, > 0) appears in region (III), near the sec-

ond heterojunction interface. It follows that V3(V,) increases more rapidly than
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V1(V,) decreases, causing V; to be a decaying function of V,. Furthermore, for a
given applied bias, V5 increases when any one of the parameters, barrier thickness,
barrier doping density or electrode doping concentration, is made larger. For a
fixed value of V,, increasing either a or np, causes more electrons to accumulate
in region (I). In region (III}, if accumulation layers still exist, they become larger
while, if depletion layers are present, they become smaller. As a result, when
either a or np, becomes larger, both V; and V3 are reduced, and V; is increased.
This result is different from that obtained for nt—p-nt structures, for which V;
was found to be an increasing function of @ but a decaying function of the barrier
doping density. This difference is due to the fact that whereas unbiased nt-p-n*
heterostructures have depletion regions in their cladding layers, nt—n-n"* struc-
tures feature accumulation regions. V; is also an increasing function of electrode
doping concentration because the cladding layers drop smaller fractions of the

applied voltage when they become more heavily doped.

Fig.2.17 illustrates how current densities increase with barrier doping. For
comparison with Fig.2.10, it depicts elastic tunneling J-V characteristics for a
GaAs—Aly4GagsAs—GaAs heterostructure having a 120 A thick barrier layer and

electrode free carrier concentrations of 2 x 10%¥e¢m=3.

Again, the J-V curves
deviate more significantly from one another as the barrier doping level becomes
larger. Figs.2.10 and 2.17 also indicate that very different current density values
may be obtained simply by changing the type of barrier dopants. For example,
if the Alg4GageAs layer is doped at 5 x 107¢m™3, the current density, J,, in
the n—type barrier structure is about one order of magnitude greater than the

current density, J,, in the analogous p-type barrier structure. If the barrier is

doped at 1 x 10'8c¢m ™3, J, is approximately 2.5 orders of magnitude greater than

Tp.

When the barrier is sufficiently thick or heavily doped, its conduction band
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may no longer be fully depleted of electrons. For instance, in GaAs—Aly 4Gag.eAs—
GaAs heterostructures having a 200 A thick barrier layer, this occurs for np, >

3 and

1.6x10%8cm=3 if np (= np,) = 1x10*¥e¢m 3. Similarly, if np, = 1x10%cm™
np, = 5 X% 10'7¢m ™3, this happens when the barrier becomes thicker than 406 A.
If a or np, are further increased, more electrons occupy conduction band states
in Aly4+GaggAs and, eventually, a region with bulk-like properties appears in the
barrier layer. Throughout this region, the bands remain flat and the electric
field vanishes. As long as this flat band layer does not exist, the energy band
profiles may be found using the same approach as before, generalized, however,
to include the possibility of having a non—fully depleted barrier conduction band.
Eqs.(2.22)-(2.24) and (2.26)—(2.28) still hold in the electrodes. In regions of the
barrier where the conduction band remains totally depleted, the band edges are
still parabolic. However, if electrons occupy barrier conduction band states over
a distance d; < z < ¢y, where 0 < d; < ¢z < @, the energy band profile in that
region may be found by integrating

o - (Z22) 322"

€o€r,

y2(z)
6y

}+ Val@)  (2a7)

numerically.
The electroneutrality condition (2.29) also needs to be modified as

]

Al/ () d + AZ/

cy d2

(2 ()* d -+ s [ [u () d

+c¢inp, — anp, — (¢3 —a)np, = 0. (2.38)

When a flat band region exists in the barrier, the energy band profiles may be
calculated using the same approach, except that in the bulk-like layer, p2(z) =0
and ys(z) = 6. In this instance, the structure may also be viewed as two
independent n*t—n* heterojunctions back to back. A single nt-n* heterojunction

in which an interface at z = z, separates two semiconductors (I) and (II), is
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schematically illustrated in Fig.2.18. Using the same simplifying assumptions

as before and the notations of Fig.2.18, the energy band profiles may be obtained

from the following equations.

z < ¢1: Neutral bulk semiconductor in region (I)

2

h
=F; —E. (z) =6, = 3ninp, ).
yl(z) f1 1(3:) 1 Zm{( m nDl)

¢; < z < zo: Accumulation layer in region (I)

it = 2(San) (2l o)

zo < x < dy: Totally depleted space—charge layer in region (II)

e’np,

Ber(z) = ( ) ! _2%)2 + E;, (o) (z — zo) + E, (o),

€g€r,
with

Ee,(z0) = By, — y1(z0) + AE,
€y
B, (z0) = — (£2)yi(20).
rz
dy; < z < cy: Partially depleted space—charge layer in region (II)

e =222 5] - (=2 1)

Ee,(z) = Ep, — €V — y2(z).

with

T > ¢ Neutral bulk semiconductor in region (II)

hz
yz(x) = Ef2 - EcZ(QI) = 62 = -————(37[‘2711)2)2/3.
2m;

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)
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Figure 2.18: Schematic energy band diagram for a single nt-n* heterojunction
in which the left semiconductor is biased negatively with respect to the right one.

AE, (AE,) denotes the conduction (valence) band discontinuity at the interface.
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In this case, the width (d; — zo) of the totally depleted space-charge layer in
region (II) takes a simple form. From E.,(d;) = 6 — €V, and the continuity of

the slope of E,,(z) at z = d,, we get:

= () () o - B »
(d2 xo)—_(eznpz){<em>yl(xo) 5\ e, ' (2:44)

It follows that y;(zo) satisfies the following equation:

[yl(xo)]5/2+§ (npzem)__l [yl(xo)]__%(npzeméz) 1+§<AEc+ev> 3
61 2 7D, €r, 61 2 \np,€,6 3 b2 2

(2.45)

Once y1(zo) is found, Eqs.(2.40)—(2.42) may be used to obtain the energy
band profile of the single heterojunction under any applied bias.

Two such heterojunctions may be put together back to back to form nt-n-nt
structures. The original single barrier problem thus becomes that of two thinner
barriers in series separated by a bulk layer of the central semiconductor. Since the
electroneutrality condition is independently satisfied in both heterojunctions, an
additional equation is required to find the voltage drop distribution across each
one of them. If V, denotes the total bias applied to the structure, the voltages V;
and V, occurring across the two heterojunctions having their interfaces at z =0
and z = a, satisfy:

Vo=Vi+V, (2.46)

Furthermore, if w; and w, denote the widths of the corresponding fully depleted

space—charge regions, it is assumed that

Vi wy

V= (2.47)

An example of these calculations is illustrated in Fig.2.19 in the case of GaAs—
AlAs-GaAs heterostructures. Using a valence band discontinuity at GaAs/AlAs
interfaces of 0.55 eV,*® the I'- and X-point conduction band offsets are found

to be 1.04 eV and 0.19 eV, respectively. Therefore, if the AlAs layer is suffi-

ciently thick and the n-type doping densities are large enough, the AlAs I'—point

0.
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Figure 2.19: Calculated conduction band edges for a symmetric nt-n-n* GaAs—
AlAs-GaAs heterostructure featuring a bulk region in the central AlAs layer.
The GaAs electrodes are doped at 2 X 10'®c¢m ™3, The AlAs layer is 400 A thick
and doped at 1 x 10¢m~3, The symmetry points of interest are the I'-point
in the cladding layers and the X-point in the AlAs. The conduction band offset
at the heterojunction interfaces is taken to be 190 meV. (a) corresponds to the

unbiased structure, and (b) to an applied voltage of 100 mV.
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conduction band may still be fully depleted while electrons may occupy X-point
states in the AlAs conduction band. When this occurs, calculating the shapes
of the conduction band edges at the I'—point in the GaAs electrodes and at the
X-point in AlAs becomes essential in determining what the dominant current
transport mechanisms are. Fig.2.19 depicts energy band profiles for a structure
having a 400 A thick AlAs layer and free electron densities of 2 X 10¥¢m ™3 in
the electrodes and 1 x 10¥c¢m™2 in AlAs. Fig.2.19(a) corresponds to zero bias
and Fig.2.19(b) to a total applied voltage of 100 mV. The electron effective mass,
ms, in the AlAs layer is taken to be the density—of-states mass: m}j = 0.78 m.%
Fig.2.19(a) reveals that the potential energy barrier for GaAs I'-point electrons
near the Fermi level is not a 400 A thick AlAs barrier but two reduced AlAs

X-point barriers which are only 56 meV high and 62 A thick.

For given doping densities, these reduced barriers remain identical regardless
of AlAs layer thicknesses provided a bulk-like region exists in AlAs. For given
AlAs layer thickness and electrode doping concentrations, decreasing the doping
density, np,, in region (II) makes the two fully depleted AlAs barriers higher and
broader, and the electrode accumulation layers smaller. The central AlAs bulk-
like region thus becomes progressively thinner, until it eventually vanishes for
low enough values of np,. If the AlAs layer thickness and doping level are kept
the same and the electrode doping density is increased, the Fermi level rises, the
electrode accumulation layers decrease and the two fully depleted AlAs reduced

barriers become lower and thinner.

These results suggest that energy band profiles are important in determining
the nature of the dominant current transport mechanisms occurring in n*-n-nt
heterostructures. In particular, when the barrier layer is thick enough and/or
sufficiently doped, electrons in the cladding layers do not tunnel through a single

barrier but through two reduced barriers separated by a bulk layer of the central
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semiconductor. This should yield large experimental current densities, J,,,(V.),
even when the physical thickness a of region (II) is large enough that tunneling
through the whole barrier would be negligible. For given doping concentrations,
Jezp(V,) should be independent of a as long as a flat band region exists in the
central layer. However, Je,,(V,) should be an increasing function of electrode
and barrier doping densities. Experimental evidence of these effects has been
reported in Se-doped GaAs—AlAs—GaAs heterostructures grown by MOCVD.?
A number of samples were studied with AlAs layer thicknesses ranging between 85
and 730 A, electrode free carrier concentrations between 3x 108 and 5x 108¢m =3,
and barrier doping densities between 5 x 1017 and 1 x 10'8¢m=2. High current
densities were observed at 4.2 K, even through thick AlAs layers (¢ > 300A )-
Furthermore, as expected from the above discussion, the experimental current
densities of all the samples having energy band profiles in the form of two reduced
AlAs X-point barriers separated by a bulk-like region depended strongly upon
the electrode and barrier doping concentrations but only weakly upon the AlAs

layer thickness, a.

2.6 Other Structures

Other cases of interest are structures in which the electrodes are degenerately
doped p-type and current transport occurs via the tunneling of holes.!® The en-
ergy band diagrams of single barrier heterostructures having pt—cladding layers
are best described in terms of the valence band edges. However, the band profiles
may be obtained using the same approach as in the case of n*—electrodes. The
effective mass of interest is now the density—of-states effective mass for holes in
the valence band, mj}, given by Eq.(2.12). In GaAs, m} = 0.48 mo.2? Fig. 2.20

depicts the valence band edges of three symmetric GaAs-Aly3GagrAs—GaAs het-



69

GaAs(p)—Al, ,Ga,,As(n)~GaAs(p)

< 250

[ V. = 100 mv

£ o

A

L

o

°

0

© (o]

[

]

8

o

0

¢

L

§ —250 } 3x10' em™ sx10'7 em™  3x10" cm”? 1
(o)

—-250 ¢} 250 500

Gaas(p)—Al,,Ga, As(i)—-GaAs(p)

< 250}t E

£ v, = 100 mv

St

L

o

°

Q

o

€

o

o

©

0

c

L

g =250} 3x10" cm™ undoped 3x10"® cm™d 1
(v) . )
—-250 (e} 250 500
GaAs(p)-Al, Ga, . As(p)-GaAs(p)

S 250t J

£ vV, = 100 mV

el

°

o

v

0

°

€

0

rl

©

o

c

3

§ ~250 } 3«10" em™? 5x10'7 cm™3  3x10" cm™d
(c)

-250 (o} 250 500
Distonce (5«)

Figure 2.20: Calculated valence band edges for GaAs-Aly3Gag7As—GaAs het-
erostructures in which the electrodes are degenerately doped p-type. The struc-
tures have a 200 A thick barrier layer and electrode free carrier densities of
3 x 10¥¢m™3. In (a), the barrier is doped n-type at 5 X 10'cm=3. In (b), the
Alg 3Gag 7As region is undoped. In (c), it is doped p-type at 5 x 107em™3. All
three structures are under an applied bias of 100 mV. The valence band offset at

the heterojunction interfaces is taken to be 165 meV.
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erostructures. Each one of them has a 200 A thick barrier layer and a free carrier
doping density of 3 x 10¥e¢m™2 in the cladding layers. The Fermi level then lies
16 meV below the valence band edge in the GaAs neutral regions. The valence
band discontinuity is taken to be 165 meV.% In Fig.2.20(a), the barrier is doped
n—type at 5 x 1017¢m~2. This causes the bands to bend down at zero bias and the
electrode space—charge layers to be partially depleted of holes. In Fig.2.20(b),
the Aly3GagrAs layer is undoped and the bands are flat in the unbiased struc-
ture. In Fig.2.20(c), the barrier is doped p-type at 5 X 107em™3. As a result,
the bands bend up at zero bias and holes accumulate in the cladding layers near
the heterojunction interfaces. In Fig.2.20, a positive bias of 100 mV is applied

to the left electrode with respect to the right cladding layer.

Novel negative differential resistance devices based on tunneling through sin-
gle quantum barrier heterostructures have recently been proposed and analyzed
theoretically.?® When the cladding layers are doped n—~type, negative differential
resistances are anticipated if electrons tunnel through the band gap of the central
semiconductor at energies which are much closer to the valence band edge energy
than they are to the conduction band edge energy. This occurs because in the
vicinity of the valence band edge, the imaginary part of the electron wave vector
becomes small, resulting in a large tunneling probability. As the bias applied to
the heterostructure is increased, the tunneling electrons move to higher energies
with respect to the band edges in the barrier. As a result, the imaginary parts
of their wave vectors become larger, their tunneling probabilities are reduced,
and the current decreases. In these structures, the amount of voltage dropping
across the barrier layer is an essential quantity since the change in barrier shape
is responsible for the decrease in tunneling probabilities. However, band bending
calculations indicate that voltage drops in the cladding layers reduce the fraction

of applied bias dropped in the barrier. This effect would tend to make the nega-
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tive slopes in the J-V curves more gradual. Another effect which competes with
the mechanism by which negative differential resistances may be obtained is the
creation of an accumulation layer near the first heterojunction interface, which
causes the number of electrons available for tunneling to increase with applied
voltage. Energy band diagrams should thus be useful in choosing the parameters
of the structures and in predicting their device performance. In order to increase
the amount of voltage dropping in the barrier, the central layer should be made
undoped and sufficiently thick. The voltage drops in the cladding layers may be
reduced by increasing the doping density. However, the electrode Fermi levels
should remain small compared to the barrier height if electrons are to tunnel
near the barrier valence band edge. To conciliate these two competing effects,

an optimum value must be found for the electrode doping concentration.

To be specific, let us consider the case of Hg;_,Cd,Te-CdTe-Hg,_,Cd,Te
double heterojunctions.> Band offsets at Hg;_,Cd,Te/CdTe interfaces are still
a matter of debate. Since different experimental measurements have yielded
conflicting results,?® we will simply assume the validity of the common anion
rule and take the valence band discontinuity to be zero. Fig.2.21 shows the
energy band diagrams of two symmetric Hgg7Cdg3Te-CdTe-Hgy7Cdg sTe het-
erostructures under an applied bias of 150 mV. At 4.2 K, the Hgy 7Cdg.3Te elec-
trodes (CdTe barrier layer) have an electron effective mass of 0.025 mg (0.19 my),
an energy gap of 0.25 eV (1.60 eV), and a relative dielectric constant of 16.7
(11.0).%7 In both structures, the undoped CdTe barrier layer is 200 A thick. In
Fig.2.21(a), the electrode free carrier density is taken to be 1 x 107e¢m™3, cor-
responding to a Fermi energy of 31 meV. In Fig.2.21(b), the cladding layers are
doped at 1 x 108¢m™3, and the Fermi energy is 146 meV. As a result, 53% of
the applied voltage drop across the barrier in Fig.2.21(a), whereas V;, = 0.65V,

in Fig.2.21(b). It would thus be desirable to use large doping densities in the
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Figure 2.21: Calculated conduction and valence band edges for symmetric n+t—i-
nt Hgy.7Cdo.3Te-CdTe-Hgp 7Cdo.3Te heterostructures having a 200 A thick bar-
rier layer. The electrode doping densities are 1 x 10!” and 1 x 10'®%¢m~3 in (a) and
(b), respectively. The valence band offset at the heterojunction interfaces is as-
sumed to be zero. The energy gaps in the Hgo 7Cdg.3Te electrodes and the CdTe

barrier are taken to be 0.25 and 1.60 eV, respectively, resulting in a conduction

band offset of 1.35 eV.
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cladding layers, provided that the electrode Fermi levels remain small compared
to the mid—-gap energy in the barrier. In that respect, it may be of interest to use
materials such as InAs and In;_,Ga,As, which can be grown with higher doping
levels than those currently attainable in Hg;_,Cd,Te/CdTe heterostructures.?®
Furthermore, the properties of Hg;,Cd,Te vary drastically with Cd composition
when z is small. For example, if z = 0.2, the band gap at 4.2 K is only 70 meV
and the electron effective mass is 0.0065my.?” This band gap reduction would
allow electrons to tunnel closer to the barrier valence band edge than when z
is larger. However, electrons occupying valence band states in the left electrode
would begin to tunnel to the right electrode when the total applied voltage is
slightly greater than the band gap in the cladding layers. At this point, posi-
tive differential resistances will reappear. It is therefore necessary to maintain a
band gap in the cladding layers which is larger than the desired operating voltage
for the device. Furthermore, it is a general property of energy band diagrams
that when the effective mass is decreased in the cladding layers, the electrode
Fermi energies become larger, the cladding layer space-charge regions broaden
and the amount of voltage dropping across the barrier is reduced. For example,
in a HgosCdg.2Te-CdTe-HgysCdg o Te heterostructure having an electrode free
carrier density of 1 X 107¢m =3, the Fermi level in the bulk cladding layers would
be as large as 121 meV, as opposed to 31 meV when z = 0.3. In addition, in the
case of a 200 A thick undoped barrier layer, the voltage drop across the barrier
would only be 0.36V, when V, = 150 mV, as opposed to 0.53V, when z = 0.3.
This illustrates the necessity of optimizing the Cd composition in the cladding

layer alloys in addition to the doping levels.
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2.7 Summary

The objective of this study was to calculate the energy band diagrams of
single barrier heterostructures and to discuss their implications on the electronic
properties of a few tunnel structures of current interest. Energy band profiles
were calculated by solving Poisson’s equation self-consistently after making four
simplifying assumptions: (i) the interfaces are abrupt; (¢1) the temperature is
taken to be 0 K; (#2) two—dimensional energy subbands in accumulation lay-
ers are ignored; and (7v) band tailing effects in degenerate semiconductors are
neglected. Relaxing these assumptions would basically result in more complex
numerical integrations, but would not qualitatively alter the main results of this
study. These results may be summarized as follows. (¢) Energy band diagrams
make it possible to describe heterostructures in a more realistic way than the
usual models which assume that the band edges remain flat in unbiased struc-
tures and that the entire applied voltage drops linearly across the barrier layer
in biased structures. They could thus be useful in tailoring quantum barriers
to particular heights and shapes. (i7) When the heterostructures are biased,
they give the voltage drop distribution in the cladding layers as well as in the
barrier. It was shown that this distribution may differ significantly from that ob-
tained when band bending is ignored, and that energy band diagram calculations
are important whether the barrier is doped or not. (iiz) Energy band profiles re-
vealed that band bending plays a more important role for larger applied voltages,
thicker barrier layers, smaller electrode doping densities, and larger barrier dop-
ing concentrations. (wv) They were also found to be useful in determining what
the dominant low temperature current transport mechanisms occurring in single
barrier tunnel structures are. In some cases, they revealed that these mechanisms
may be quite different from those expected when band bending is neglected. This

occurs, for example, in n*-n-n* heterostructures having thick and/or heavily
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doped barrier layers. The dominant current transport mechanism then becomes
tunneling through two reduced barriers separated by a non—depleted layer of the
central semiconductor. (v) Energy band diagrams are important in calculating
tunneling J-V characteristics, which are extremely sensitive to the actual shape
of the barrier through which the charge carriers tunnel. They may thus provide
information about certain structure parameters which are difficult to determine
accurately, such as band offsets and ultra-thin layer doping densities. (vi) They
can also be used to study the novel electronic properties of single barrier tunnel
structures from which negative differential resistances are anticipated. Although
this was illustrated in the case of Hg;_,Cd,Te—~CdTe-Hg;_,Cd,.Te double het-
erojunctions, other materials could be similarly analyzed. An example is the
InAs/In;_,GayAs system. Such heterostructures have interesting potential de-
vice applications, but band bending calculations indicated that a number of ef-
fects compete with the mechanism by which negative differential resistances may
be obtained. Energy band diagrams could thus be useful for making the proper
compromises in choosing the parameters of these stuctures and for optimizing

their device performance.
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Chapter 3

Elastic and Inelastic Tunneling
Processes in GaAs—AlAs—GaAs

Heterostructures (Grown by
Metalorganic Chemical Vapor

Deposition

3.1 Introduction

Single quantum barrier heterostructures are frequently fabricated from GaAs
and Al;Ga;_;As using techniques such as molecular beam epitaxy (MBE) and
metalorganic chemical vapor deposition (MOCVD) to achieve small character-
istic dimensions.!~* In these structures, an important current transport mecha-
nism is electron tunneling. The associated tunneling effects yield novel electronic
properties, some of which remain to be fully understood. Most of the theoret-

ical and experimental studies use Al,Ga;_,As quantum barriers in which the
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Al composition, z, is small enough that the alloy is still direct. Furthermore,
experimental investigations are usually performed on MBE grown wafers. Only
a few studies have been reported on single quantum barrier heterostructures
grown by MOCVD,?* and/or in which the barriers consisted of indirect band

gap Al,Ga;_.As®, or pure AlAs*.

In Chapter 2, a simple theoretical model was developed to calculate the energy
band diagrams and the current-voltage (I-V) characteristics of single barrier
tunnel structures. In this chapter, these concepts are related to an experimental
study of elastic and inelastic tunneling processes in GaAs—AlAs—GaAs double

heterojunctions grown by MOCVD in the [100]-direction.

Section 3.2 briefly presents the sample growth and preparation procedures,
as well as the measurement techniques. Section 3.3 deals with structures in
which the AlAs barrier layers are doped p-type. It is first shown, in section
3.3.1, that the dominant current transport mechanisms at low temperatures are
tunneling through the AlAs band gap at both the I'- and X-points. This is
achieved by calculating the low temperature I-V characteristics due to elastic
tunneling through the AlAs band gap at the I'-point, using the actual shapes of
the quantum barriers obtained from band bending calculations. Upon comparing
the calculated and experimental I-V curves, it is found that tunneling through
the AlAs I'-point barriers fails to explain the experimental data. This indicates
that other transport mechanisms must contribute to the total current. Tunneling
through the AlAs band gap at the X—point is then discussed. Good theoretical
fits of the experimental I-V characteristics can be obtained by considering tun-
neling through both the AlAs I'~ and X—point barriers. Section 3.3.2 introduces
a new element to the calculation of the theoretical I-V curves: the presence of
trap levels in the AlAs band gap, due to defects or impurities. A simple model

is developed to calculate the impurity—assisted tunneling current. It is shown
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that this current, which becomes more important as the quantum barriers are
made thicker, can actually become the dominant current transport mechanism
through thick enough barriers. In section 3.3.3, the p-type barrier samples are
classified into two categories depending upon the nature of the inelastic processes
which may be identified in the derivatives, (dI/dV)(V) and (d?I/dV?)(V), of the
I-V characteristics. A few structures also feature anomalous zero-bias conduc-
tances. These so—called “zero-bias anomalies” are discussed in section 3.3.4.
Section 3.4 deals with GaAs-AlAs—GaAs double heterojunctions in which the
AlAs barrier layers are doped n—type. First, samples having thick AlAs layers
(140-730 A) are presented in section 3.4.1. The current densities obtained at
low temperatures from these heterostructures are very large and do not display
the exponential dependence upon barrier thickness usually expected from tun-
neling through a potential energy barrier. However, these observations may be
explained by calculating the energy band diagrams of the structures, which reveal
that the AlAs conduction band at the X—point is not totally depleted of elec-
trons. As a result, the dominant low temperature current transport mechanism
is tunneling through two reduced AlAs X—point barriers, in a two—step process,
and not tunneling through a single potential energy barrier. These results are
consistent with the inelastic tunneling processes observed experimentally. Sec-
tion 3.4.2 deals with heterostructures in which the n—type AlAs barrier layers
are thin enough that they remain totally depleted of free carriers. Consequently,
tunneling occurs through the AlAs band gap in a one-step process. Another im-
portant property of these structures is that they show experimental evidence of
interactions between interface plasmons and longitudinal optical (LO) phonons
in GaAs and AlAs. Finally, the results of this study are summarized in section

3.5.
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3.2 Experimental Procedures

Each of the GaAs—AlAs—GaAs single barrier tunnel structures used in this
study was grown by an MOCVD technique®® on a [100]-oriented GaAs sub-
strate doped n—type with Si at 2-3 x10'®cm™3. A first epitaxial layer of GaAs,
degenerately doped n—type with Se, was grown 2-3 pm thick. This layer was
followed by a thin AlAs quantum barrier, doped either p-type with Mg,”® or
n-type with Se. Finally, a top GaAs cladding layer was grown, degenerately
doped with Se. Samples were fabricated with GaAs doping densities ranging
between 1 x 108 and 5.5 x 10'8¢m 3, and AlAs layer thicknesses between 48 and
730 A. The most important structure parameters are summarized in Table 3.1.
The second column gives the intended AlAs barrier thicknesses. The third col-
umn lists the actual thicknesses obtained from transmission electron microscopy
(TEM) measurements, accurate to within one monolayer (one monolayer is taken
to be 2.83 A). In the p-type barrier samples, both values are usually close, ex-
cept in the structures having the thicker barrier layers. However, in most of
the n—type samples, the AlAs layers are much thicker than anticipated from the
growth parameters. The electrode doping densities were obtained from Polaron
doping profiles. The barrier doping levels were estimated from the flow rates
used during growth. They could thus be in error due to background doping and
dopant memory effects, and to the difficulty of accurately calibrating ultra—thin
layer doping concentrations.

Devices were made by defining mesas on the epitaxial face of each sample
using conventional photolithography and a GaAs etch (4:1:1, H;SO4H;0,:H,0).
The mesas were circular and 50-700 um in diameter. Ohmic contacts were made
on the surface of the mesas and on the substrate by evaporating Au-Ge, or

Au-Ge, Ni, Au, and annealing at 380-410°C for 20-30 s.
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Measurements of current—voltage, I-V, characteristics, as well as first, (dI/dV)(V),
and second, (d*I/dV?*)(V), derivatives of the I-V curves, were performed at tem-
peratures ranging from 300 to 4.2 K. The I-V curves were measured with an HP
4145 semiconductor parameter analyzer. The first and second derivative spec-
tra were obtained using modulation techniques at 5 and 50 kHz, respectively.®
Typical modulation voltages ranged between a fraction of millivolt and 5 mV
peak—-to—peak. Derivative curves are particularly useful in identifying inelastic
tunneling processes. This is because tunneling electrons can create fundamental
excitations when the applied bias is increased above the excitation energy (fiwg).
Therefore, there exists a threshold voltage Vo = hwg/e, which corresponds to a
change in the slope of the I-V characteristics. Since the structures are symmet-
ric, the same changes should occur in forward and reverse bias. As a result, steps
which are symmetric with respect to bias appear in the first derivative spectra
at voltages + V. The second derivative curves show peaks at the same voltages,

but antisymmetric with respect to bias.

3.3 Samples with p—Type AlAs Barrier Layers

3.3.1 Tunneling Through AlAs I'- and X-Point Barriers

In this section, the dominant current transport mechanisms in GaAs—AlAs—
GaAs single barrier tunnel structures having p-type AlAs barrier layers are in-
vestigated. A number of studies have reported that low temperature current
transport through Al,Ga;_,As quantum barriers is dominated by elastic tunnel-
ing through the Al,Ga;_,As direct band gap at the I'-point.1=3 In these stud-
ies, theoretical I-V curves were calculated assuming trapezoidal shapes for the
quantum barriers under applied bias, and compared to experimental data on

logarithmic scales. Nevertheless, discrepancies were observed,! which indicated
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that other current transport mechanisms can compete with elastic I'-point tun-
neling. Theoretical studies have also reported that I'-point electrons in the GaAs
electrodes should tunnel through Al,Ga;_.As I'-point barriers even in indirect
alloys.101! However, it is shown here that the experimental data obtained from
structures with pure AlAs barriers cannot be explained by I'-point tunneling
alone. It is proposed that there is also a small, but non—negligible, probability

that incident electrons tunnel through the AlAs band gap at the X—point.

Current densities are calculated using the following approach. First, the
actual shapes of the conduction band edges in the electrodes and the barrier
are determined from band bending calculations. As shown in Chapter 2, energy
band diagrams are of critical importance, particularly in samples having heavily
doped barrier layers. The transmission coefficient for the tunneling electrons
is then calculated using the WKB approximation. The attenuation constant
in the barrier is determined from a two-band model, k.p theory formula!? for
electrons tunneling through the AlAs I'-point barrier, and a simple one-band
model formula for electrons tunneling through the AlAs band gap at the X-
point. Finally, the current density, J, is found as a function of applied voltage,

V', using the approach of Tsu and Esaki.!®

Although this study was performed on several samples and at temperatures
ranging from 300 to 4.2 K, we only illustrate here the most important results
by discussing data obtained at low temperatures from one structure (sample
H125). A more detailed discussion, including results for other heterostructures,

is presented in section 3.3.3.

In the sample of interest, the GaAs electrodes are doped n-type with Se at 4
x10'cm=3. The doping density in the p-type AlAs barrier layer is estimated to
be on the order of 3 x 10¥¢m ™3, The barrier is 48 A thick. Fig.3.1 shows the

calculated conduction band edges at the '~ and X-points as functions of distance
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Figure 3.1: Calculated conduction band edges at the I'-point (solid lines) and
at the X-point (dashed lines), as functions of distance in the direction perpen-
dicular to the planes of the layers, for sample H125. The GaAs electrodes are
doped n-type at 4 x 10'®¢m=3. The AlAs barrier is 48 A thick and doped p-type
at 3 x 10"®¢m™3. The conduction band discontinuities at the X- and I'-points
are taken to be 0.19 and 1.04 eV, respectively. (a) depicts the unbiased struc-
ture. (b) corresponds to a negative voltage, V, = —200 mV, applied to the left
GaAs electrode with respect to the right cladding layer. The solid—dashed lines

correspond to the Fermi level, Ey, in the electrodes.
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in the direction perpendicular to the heterojunction interfaces. Fig.3.1(a) depicts
the unbiased structure, (V, = 0). Fig.3.1(b) corresponds to a negative voltage,
V, = —200 mV, applied to the left electrode with respect to the right cladding
layer. In energy band diagram calculations, the values of the band offsets are key
parameters in determining the shapes of the barriers through which the electrons
tunnel. These values are still a matter of debate. In a recent experimental study,
Batey et al. obtained a valence band discontinuity in GaAs/AlAs heterostruc-
tures of 0.55 eV.1* Using this result, values close to 0.19 and 1.04 eV can be
calculated for the conduction band offsets at the X— and I'-points, respectively.
It should be noted that when such values are used, the X—point conduction band
edges lie at higher energies in GaAs than in AlAs. This is illustrated in Fig.3.1,
with the solid lines corresponding to the I'-point conduction band edges and the
dashed lines to the X—point conduction band edges. Fig.3.1(a) reveals that the
quantum barrier is totally depleted of carriers and that the effect of band bend-
ing is to increase the average height of the barrier through which the electrons
tunnel. Fig.3.1(b) indicates that a bias applied across the structure alters the
shapes of the conduction band edges in the cladding layers as well as in the bar-
rier. This is another essential factor in calculating tunneling currents. Fig.3.2
shows the experimental characteristic, J,»(V), at 4.2 K in the voltage range
0-200 mV and, on the same linear scale, the calculated current density, J5(V),
for elastic I'-point tunneling. Since the structure is symmetric, the J-V curves
are symmetric with respect to the origin, and only the forward bias direction is
shown. The two curves are in good agreement at very low biases (< 20 mV), but
start to deviate significantly in magnitude and shape at higher voltages. While
JI varies almost linearly with voltage, J.., displays a nearly exponential voltage
dependence. It should be mentioned that leakage has been eliminated as a possi-

ble source of current by verifying that the experimental J-V characteristics were
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reproducible and independent of device area. Similar discrepancies between ex-
perimental and theoretical data are obtained from all the samples. These results
indicate that elastic tunneling through the AlAs band gap at the I'-point does
not account for all of the experimental current, and that other transport mecha-
nisms are present. These observations are further supported by derivative spectra
which reveal threshold voltages for impurity—assisted and/or inelastic tunneling
processes. This is illustrated in the second derivative curve, (d*I/dV?)(V), de-
picted in Fig.3.3. The spectrum displays prominent and broad features, peaked
at approximately & 20 and £ 80 mV. These have been labeled (a) and (b) in for-
ward bias. It also reveals narrower peaks at 37 and 50 mV. These have been
attributed previously to electron-longitudinal optical (LO) phonon coupling in
the GaAs electrodes, and to the excitation of LO phonons in the AlAs barrier,

respectively.*

The behavior of the elastic I'-point tunneling current can easily be understood
in terms of the complex band structure of AlAs: in the band gap, the imaginary
part of the complex wave vector at the I'-point varies very slowly with energy,
except near the conduction and valence band edges. This is due to the small I'-
point effective mass. Therefore, because of the large conduction band offset (=1
eV), the I'-point tunneling current remains slowly varying with voltage up to
about 0.8 V. In order to tentatively explain the discrepancies observed between
the experimental J-V curves and the calculated T—point elastic tunneling cur-
rents, a number of transport mechanisms can be suggested. The simplest is the
emission of phonons or the excitation of collective modes by electrons tunneling
through the AlAs I'-point barrier. Although some of these inelastic processes
may be resolved in derivative spectra, they yield currents which are typically at
least two or three orders of magnitude smaller than elastic currents, and there-

fore too small to account for the observed discrepancies. Another possible current



90

v — v T v s v T ¥ \d T A\ T r

Second Derivative Spectrum
Sample H125

T = 42K \L(b)

(o)

(d*1/dV®) (arbitrary units)

M Bt a

—-200 -100 0 100 200

Voltage (mV)
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excitation of LO phonons in the AlAs barrier, respectively.*
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transport mechanism is tunneling via energy states localized in the AlAs band
gap or at the GaAs/AlAs interfaces. A simple model for impurity-assisted tun-
neling is developed in section 3.3.2. Assuming that no impurity bands or clusters
are formed, this mechanism produces negligible current densities in the case of
the 48 A barrier structure under discussion. Another possibility is to take into
account tunneling through the AlAs band gap at symmetry points other than
the I'-point. In the case of epitaxial growth in the [100]-direction, an important
contribution could come from the AlAs X-point valleys. For electrons tunneling
from left to right, new channels open when the Fermi level in the left electrode
aligns with the X-point conduction band edge in the right electrode. However,
such processes can only occur at voltages > 350 meV in sample H125. This is
again in disagreement with the experimental data. Other mechanisms can allow
electrons occupying I'-point states in both GaAs electrodes to tunnel through

the AlAs X—point barrier. Two such processes are discussed below.

First, ['—point electrons near the GaAs—AlAs interface may scatter inelasti-
cally into virtual states beneath the four AlAs X-valleys lying along the k,~ and
k.—directions, parallel to the planes of the layers. They may then tunnel through
the AlAs band gap at the X—point, and scatter again, near the AlAs—GaAs in-
terface, into the I'—valley in the right electrode. Since electrons travel along the
x—axis, perpendicular to the planes of the layers, the effective mass to consider in
the barrier is the small transverse effective mass m} = 0.19 m,, where m, is the
free electron mass. Such inelastic processes, which require two scattering events,
can occur through a number of mechanisms, such as the excitation of phonons
for example. Calculations of scattering matrix elements and current densities
are necessary to determine which of these processes may explain the experimen-
tal data. The matrix elements can be complicated functions of the scattering

mechanism, applied voltage, structure characteristics, electron energy, and tem-
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perature. In this study, it is simply assumed that there is a small probability
that incident electrons tunnel through the AlAs band gap at the X-point and
that the scattering matrix element for a given process is constant. The calculated
current density for any such mechanism thus contains an empirical factor, Bi,.
Threshold voltages for these inelastic processes are chosen to coincide with some
of the most prominent peaks observed in experimental second derivative spec-
tra. The total theoretical current density, J;s(V'), is then calculated by summing
the contributions from I'-point elastic tunneling and X-point inelastic tunneling.
Fig.3.4 is a plot of Jy;, as a function of applied voltage for sample H125. Only two
inelastic processes are used to calculate the X-point tunneling current. These
two processes are assigned threshold voltages of 20 and 80 mV, and empirical
B;.’s of 0.6 x10~* and 1.3 x 10™*, respectively. The threshold voltages correspond
to the two most prominent second derivative peaks labeled (a) and (b) in Fig.3.3.
Since two scattering events are required to allow electrons to tunnel through the
AlAs X-point barrier, peaks should be observed in the (d?I/dV?)(V) spectra
at voltages corresponding to the sum of the two scattering energies. Peak (a)
would thus be consistent with the inelastic excitation of two X-point transverse
acoustic (TA) phonons. On the other hand, the broad peak (b) may result from
a number of scattering mechanisms which are not individually resolved in the
spectrum shown in Fig.3.3. Such inelastic processes could be the excitation of
X-point longitudinal acoustic (LA), transverse optical (TO), and longitudinal
optical (LO) phonons, for example. It should be noted that the experimental

and theoretical J-V curves displayed in Figs.3.2 and 3.4 are in good agreement.

Another possible way for electrons to tunnel through the AlAs band gap at
the X—point arises from the coupling of AlAs X—point states with GaAs I'-point
states due to the breaking of translational symmetry in the direction perpendicu-

lar to the heterojunction interfaces. This makes it possible for I'-point electrons
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80 mV are taken, in agreement with the prominent experimental second deriva-
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0.6 x 10~* and 1.3 x 107*, respectively.
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in one GaAs electrode to tunnel elastically through the AlAs X-point barrier,
into I'—point states in the other GaAs electrode. In this process, the virtual
X-point states to consider are those below the two X—valleys lying along the k.-
direction, perpendicular to the planes of the layers. Since electrons travel along
the z—axis, the effective mass of importance in the barrier is the large longitudinal
effective mass m;} = 1.1m,. Preliminary calculations indicate that the coupling
of states having different symmetries in GaAs and AlAs may be significant in
the heterostructures studied and could yield current densities large enough to
account for the discrepancies observed between experimental and I'-point elastic
tunneling currents.

Two separate mechanisms by which I'-point electrons in the GaAs electrodes
may tunnel through the AlAs X—point barrier have been proposed. In fact, both
processes may occur simultaneously, and the empirical factors used to calcu-
late the theoretical current densities can be modified accordingly. More detailed
calculations of scattering matrix elements and the mixing of states of different
symmetry should be performed to obtain a quantitative picture of electron trans-
port in these structures. Nevertheless, the results presented here indicate that
(1) elastic tunneling through the AlAs I'-point barrier is inconsistent with the
experimental current densities; (i) elastic and inelastic tunneling through the
AlAs band gap at the X—point could account for the observed discrepancies; and
(717) theoretical current densities in good agreement with the experimental data
can be obtained provided both I'- and X-point tunneling contributions are taken

into account.

3.3.2 Impurity—Assisted Tunneling

In this section, a new element is added to the current density calculations,

namely the effect of impurity states localized in the AlAs band gap. Impurity
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atoms and crystal defects can create localized energy levels (traps) in the AlAs
barrier.1516 If these “impurity states” lie in the AlAs band gap, they can affect
tunneling currents through the structure. In this study, traps are viewed as
intermediate states through which two—step tunneling processes may occur: an
electron first tunnels from one GaAs electrode to an intermediate state, and then
from the intermediate state to the other electrode.!” This approach is similar to
that used by Parker and Mead in their treatment of traps in Schottky barriers.®

A simple expression for the two—step tunneling current can be derived by
assuming that there are N localized trap states per unit volume of AlAs, with
each trap energy level, E;, being at a fixed energy, E,, below the AlAs conduction
band edge, E.. For an arbitrary voltage applied to the structure, the AlAs

conduction band edge and thus the trap energy level vary with position, z:
Ei{(z) = E.z) — E,. (3.1)

In Fig.3.5, this concept is illustrated by plotting the I'-point conduction band
edge and a trap energy level for a single p—type barrier heterostructure under
applied bias. This figure is the result of a band bending calculation, in which the
electrode and barrier doping densities are taken to be 3 x 10'® and 1 x 108¢m 3,
respectively. The barrier thickness is 100 A and the applied voltage is —150 mV.
The impurity level is taken to be 870 meV below the AlAs I'-point conduction
band edge.

The elastic tunneling current density, J;, between a trap state at position z,

and the left GaAs electrode is of the form:

Ji o Ti(Ei(o), zo){fi(Ei(zo)) — F(Ei(z))}, (3-2)

where T} is the WKB transmission probability for an electron with energy E;(z,)

tunneling from the left electrode to z,; f; is the occupation probability of the left
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Figure 3.5: Calculated I'-point conduction band edge (solid line), for a
GaAs-AlAs-GaAs single barrier heterostructure having an impurity level in the
AlAs layer. The impurity state (dashed line) lies 870 meV below the I'-point
conduction band edge in the barrier. The GaAs electrodes are doped n-type
at 3 x 10%cm~3. The AlAs barrier layer is 100 A thick, and doped p-type at
1 x 10'¥¢m=3. A voltage of —150 mV is applied to the structure.
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electrode state with energy E;(z,); and F is the occupation probability of the
trap state.
Similarly, the elastic tunneling current density, Jz, between the trap state at

position z, and the right electrode is given by:
Jr o Ta(Ei(.), zo){F(Ei(xo)) — fr(Ei(z,))} (3.3)

where T; is the transmission probability for an electron with energy E;(z,) tun-
neling from z, to the right electrode; and f, is the occupation probability of the
right electrode state with energy E;(z,).

Under steady-state conditions, the trap level occupation probability, F, will
adjust itself to make the two current densities J; and J; equal. It follows that

the impurity—assisted tunneling current, J;m,, takes the form:

A A Tf"f;,z{ F(E(2.)}- (3.4)

A comparison of Eq.(3.4) with the usual expression for the one-step elastic

tunneling current,!® J,;, reveals that:

1 T,
T:(E) ThW+ Ty’

Jimp = C Ju (3.5)

where T}(E;) is the transmission coeffecient for electrons with energy E; tunnel-
ing from the left electrode to the right electrode; and C is a constant which is
proportional to the number of trap levels per unit volume, N, and to the effective
cross—sectional area of the traps, o.

Fig.3.6 shows a calculated plot of J;p, as a function of AlAs barrier thickness.
The calculations are performed using a p-type barrier doping of 1 x 10'® ¢cm™3,
and an n-type electrode doping of 3 X 10!® cm™3. The applied voltage is 100 mV
and the impurity energy level is taken to be 950 meV below the AlAs I'-point

conduction band edge. N is chosen to be 1 x 107 cm™3, and o is assigned a

value of 10 times the cross—sectional area of the AlAs primitive cell. Changes in
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Figure 3.6: Calculated current densities vs. barrier thickness for one-step elastic
tunneling (solid line) and impurity-assisted tunneling (dashed line). The doping
densities in the GaAs electrodes and the AlAs barrier are 3 x 10’8 and 1 x
10'8c¢m =3, respectively. The applied voltage is 100 mV. The trap level is taken
to lie 950 meV below the AlAs I'-point conduction band edge.
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N and o alter only the multiplicative constant, C, in Eq.(3.5), and therefore, do
not change the qualitative behavior of Jip,. Je is also calculated and plotted
in Fig.3.6 for comparison with Jimp. This reveals that the contribution to the
total current density of one—step elastic tunneling is larger than that of impurity—
assisted tunneling in heterostructures with thin barriers (this would be the case
in sample H125). The opposite is true in structures with thicker barriers. For
the parameters used in Fig.3.6, the impurity—assisted tunneling current becomes
larger than the one—step elastic current when the AlAs layer is thicker than about

80 A.

3.3.3 Inelastic Tunneling Processes

Experimental results obtained from sample H125 were used in section 3.3.1
to show that low temperature current transport in heterostructures having thin
p-type AlAs barrier layers is dominated by tunneling through the AlAs band gap
at both the I'- and X-points. This section presents experimental data obtained
from the other p-type barrier structures listed in Table 3.1. These samples are
classified into two categories depending upon the nature of the inelastic processes
which are identified in their derivative spectra. This provides information about
the relative importance of the different current transport mechanisms occurring
in these heterostructures.

The first category of samples includes H125, H160, H381 and H931. All
four structures display similar peaks in their low temperature second derivative
curves. These peaks are consistent with the excitation by the tunneling electrons
of both I'- and X-point phonons. These samples may be classified further into
those which do not feature anomalous zero-bias conductances (H125), and those

which do (H160, H381, H931).

The other category of samples includes H894, T007 and H930. For these
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heterostructures, the most prominent second derivative peaks are consistent with
the creation of AlAs X-point phonons alone. Furthermore, these are different
from the X-point phonons identified in the structures of the first type.

Samples H115, H135 and H151 have not been classified in either category.
Because they have thick tunnel barriers, these structures are characterized by
very small current densities. As a result, their derivative curves are dominated
by noise and do not reveal any prominent features which may be unambiguously

interpreted.

a) Structures of the First Type (H125, H160, H381, H931)

Fig.3.7 displays (d®I/dV?)(V) spectra at four different temperatures in the
voltage range [—100,100] mV for sample H125. All the curveshave been averaged
for 20 mn using modulation amplitudes smaller than 1 mV peak—to—peak. Their
resolution is significantly better than that of the spectrum depicted in Fig.3.3, the
purpose of which was simply to illustrate the most prominent second derivative
peaks obtained at low temperatures. In Fig.3.7, sharp peaks are observed at 4.2
K at +37 and £50 mV. The former correspond to the energy of I'~peint LO
phonons in GaAs.1%2° They have previously been attributed to a density—of-state
effect due to the coupling of GaAs LO phonons with the tunneling electrons.*
The peaks at £50 mV correspond to the energy of AlAs I'- or X-point LO
phonons.??=%* They arise from the inelastic excitation of AlAs LO phonons by
electrons tunneling through the AlAs band gap at the I'-point or at the X—point.
Other prominent peaks are obtained at lower applied voltages. They are centered
about +22 mV. Shoulders superposed to these broad peaks are visible at + 11
and £ 29 mV. These are consistent with the creation of AlAs X-point transverse
acoustic (TA), and longitudinal acoustic (LA) phonons, respectively.21=23 The

peaks at + 22 mV may thus be attributed to the inelastic excitation of two AlAs
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Figure 3.7: Experimental second derivative spectra at four different temperatures
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X-point TA phonons. Other reproducible shoulders are visible at 140, +45
and +55 mV. The features at +45 mV could correspond to AlAs transverse
optical (TO) phonons at the I'-point or at the X-point.2%*! The shoulders at
440 and £ 55 mV could be due to two—phonon processes in the AlAs barrier
layer or near the GaAs/AlAs interfaces, (TA+LA) and (TA+TO), respectively.
As shown in Fig.3.3, other broad peaks exist, centered about =80 mV. These
may result from a number of multiple inelastic scattering mechanisms, such as
the excitation of two X-point LA phonons, two TO phonons, two LO phonons,

and/or combinations of these.

The four second derivative spectra depicted in Fig.3.7 correspond to temper-
atures ranging between 4.2 and 45 K. As the temperature is increased, all the
peaks broaden and decrease in amplitude. The shoulders visible at 4.2 K vanish
first. Then, the peaks obtained at + 50 mV disappear at about 13 K. The sharp
structure at £ 37 mV is no longer visible at 45 K. The broad peaks near zero—bias
vanish last, at approximately 90 K. This temperature dependence is consistent
with attributing the second derivative peaks to the creation of phonons by the

tunneling electrons.

Fig.3.8 shows (d’I/dV?)(V) curves at 4.2 K in the voltage range [—100, 100]
mV for samples H160 and H931. These two curves are very similar, indicat-
ing that the dominant current transport mechanisms are the same in both het-
erostructures. In sample H160, the AlAs layer is 54 A thick and the doping
density in the GaAs electrodes is 3 x 10%¢m=2. In H931, the barrier layer is
76.5 A thick, and the GaAs electrodes are doped at 2.3 X 108¢m=3. As for
sample H125, prominent second derivative peaks are obtained at + 22, + 37 and
+50 mV. Shoulders are also visible at +£29, +44 and +55 mV. However, the
slopes of the (d>I/dV?)(V') curves near zero-bias are positive in the case of H125,

but negative for H160 and H931. This reveals that the last two samples feature
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Figure 3.8: Experimental second derivative spectra at 4.2 K for the p-type barrier
samples H160 and H931. In H160 (H931), the AlAs barrier layer is 54 (76.5) &
thick, and the GaAs electrodes are doped n-type at 3 x 10!8 (2.3 x 108) em™3.
The most prominent peaks are obtained at + 22, + 37 and + 50 mV. Shoulders
are visible at 429, + 44 and £ 55 mV. The dips near zero-bias correspond to an

anomalous zero-bias conductance maximum.
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anomalous zero—bias conductance maxima at low temperatures. In addition, this
phenomenon is manifested by second derivative dips which remain temperature
independent as long at T< 70 K, and progressively decay in amplitude at higher
temperatures. However, a different type of anomalous zero-bias conductance is

obtained from sample H381. These effects are discussed in section 3.3.4.

The four samples presented in this section (H125, H160, H381, H931) all have
similar derivative spectra except in the low voltage regions (|V,| < 15 mV) of
the curves. The identification of the second derivative peaks provides useful in-
formation about the low temperature current transport mechanisms occurring
in these heterostructures. First, the creation by the tunneling electrons of sin-
gle I'—point phonons could be identified. Because the corresponding peaks are
prominent, it may be concluded that inelastic tunneling and thus elastic tunnel-
ing through the AlAs band gap at the I'-point are important. Most of the other
peaks are consistent with the excitation of X—point phonons in the AlAs layer
or near the GaAs/AlAs interfaces. This indicates that tunneling through the
AlAs X-point barrier is another essential current transport mechanism in these
structures. In section 3.3.1, two processes were proposed by which electrons may
tunnel through the AlAs band gap at the X—point. In the first mechanism, which
is inherently inelastic, electrons scatter near both heterojunction interfaces. This
is consistent with the two—phonon processes observed in the derivative spectra.
The second mechanism is based upon the coupling of AlAs X-point states with
GaAs TI'-point states due to the breaking of translational symmetry in the di-
rection perpendicular to the planes of the layers. As a result, I'-point electrons
in one GaAs electrode may tunnel elastically through the AlAs X—point barrier,
into I'-point states in the other GaAs electrode. During this process, electrons
can also excite single AlAs X-point phonon modes. This inelastic contribution

to the total current is manifested in Figs.3.7 and 3.8 by the shoulders observed
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at £ 11, 29, and +45 mV.

In summary, these results suggest that the important low temperature current
transport mechanisms in samples H125, H160, H381 and H931 are the following:
(?) elastic T-point tunneling; (#) inelastic I'-point tunneling with the creation
of LO phonons; (#3%) inelastic X—point tunneling via the four AlAs X-valleys
lying along the k,— and k,—directions, parallel to the planes of the layers; this
process requires two scattering events, one near each heterojunction interface; (1v)
elastic X-point tunneling via the two AlAs X-valleys lying along the k,—direction,
perpendicular to the planes of the layers; this is due to the mixing of AlAs X~
point states and GaAs I'-point states; and (v) single phonon emission while
electrons are tunneling through the AlAs X-point barrier via the mechanism

mentioned in (7v).

b) Structures of the Second Type (H894, T007, H930)

Samples H894, T007 and H930 have similar derivative curves. However, these
spectra differ significantly from those obtained from the structures of the first
type. Fig.3.9 illustrates (d2I/dV?)(V) curves at 4.2 K in the voltage range
[—100,100] mV for all three heterostructures. The most prominent peaks are
observed at 11, =29 and +44 mV. They are consistent with the excitation
of AlAs X-point TA, LA and TO phonons, respectively. Other peaks are ob-
tained at + 55 mV. These may be attributed to the creation of two AlAs X—point
phonons, one TA and one TO. Shoulders are also visible at £ 22, +40, 473 and
+ 88 mV. These may arise from the emission of two AlAs X-point phonons: (2
TA), (TA+LA), (LA+TO), and (2 TO), respectively. These results indicate that
all the second derivative peaks observed in Fig.3.9 are consistent with the ex-
citation of X-point phonons in the AlAs barrier layer or near the GaAs/AlAs

interfaces. As opposed to the samples of the first type, the three heterostructures
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Figure 3.9: Experimental second derivative spectra at 4.2 K for the p-type barrier
samples H894, T007 and H930. The most prominent peaks, obtained at =+ 11,
+ 29 and £+ 44 mV, may be attributed to the excitation of AlAs X-point TA, LA
and TO phonons, respectively. The shoulders at + 22, + 40, £ 55, 73 and + 88

mV are consistent with the emission of two AlAs X-point phonons.
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discussed here do not show evidence of the creation of I'-point phonons. It may
thus be concluded that tunneling through the AlAs X-point barrier in H894,
T007 and H930 is more important than tunneling through the AlAs band gap
at the I'—point. As in the structures of the first category, one— and two—phonon
processes have been identified. This reveals that both mechanisms for tunnel-
ing through the AlAs X—point barrier also take place in H894, T007 and H930.
However, the relative importance of these two mechanisms is reversed in both
types of samples. On the one hand, the most prominent peaks observed at £ 11,
+29 and +44 mV in Fig.3.9 correspond to shoulders in Figs.3.7 and 3.8. On
the other hand, while shoulders are obtained at + 22 mV from H894, T007 and
H930, prominent peaks are visible at the same voltages in the second derivative
spectra of the structures of the first type. This indicates that the strength of the
interactions between tunneling electrons and barrier phonons is different in both
categories of samples. Furthermore, whereas the shoulders observed in Fig.3.9
correspond to two—phonon scattering events, the most prominent peaks are pro-
duced by one-phonon processes. This is in contrast with the results obtained
from H125, H160, H381 and H931. This suggests that the first mechanism for
tunneling through the AlAs band gap at the X—point, which requires two scat-
tering events, is more important in the samples of the first type than in the other
heterostructures. The opposite is true for the other tunneling mechanism, in
which AlAs X—point states couple to GaAs I'-point states through the breaking
of translational symmetry in the direction perpendicular to the heterojunction
interfaces. These results reveal that the dominant current transport mechanisms
taking place in single barrier heterostructures may vary depending upon the
samples studied. However, no correlation has been found with any particular
structure parameter. For example, Table 3.1 indicates that H160 and T007 have

the same barrier thicknesses and electrode doping concentrations. Nevertheless,
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their dissimilar derivative spectra suggest that electronic transport is different in
both samples. The nature of the dominant current transport mechanisms should
thus be related to the presence of impurities, defects and scattering centers, and
to the quality of the heterojunction interfaces. This is consistent with the TEM
pictures of the structures, which reveal that the interfaces are sharp and defect-
free in H894, T007 and H930, but not quite as good in the other heterostructures.
As a result, scattering near the heterojunction interfaces should be easier in the
samples of the first category than in those of the second type. This may ex-
plain why the first mechanism for tunneling through the AlAs X-point barrier,
which requires the scattering of electrons near both GaAs/AlAs interfaces, is
more important in samples H125, H160, H381 and H931 than in H894, T007 and
H930.

In summary, low temperature current transport in H894, T007 and H930
should occur primarily through (¢) elastic I'-point tunneling; (i7) inelastic X-
point tunneling via the four AlAs X-valleys lying along the k,— and k,—directions,
parallel to the planes of the layers; and (i%7) elastic and inelastic X—point tun-
neling via the two AlAs X-valleys lying along the k,—direction, perpendicular
to the heterojunction interfaces. It is also found that electronic transport may
vary from sample to sample, depending upon the quality of the materials and

the heterojunction interfaces.

3.3.4 Zero—Bias Anomalies

Tunneling experiments have been used extensively to study the properties of
tunnel diodes, Schottky barriers and metal-insulator-metal (M-I-M) structures.
Anomalous conductances near zero—bias, usually referred to as zero-bias anoma-
lies, have been reported in all of these structures.?®~30 These anomalies may

correspond to conductance dips, peaks, or combinations of these shapes.25:26:28
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The detailed structure is a strong function of the choice of the materials, the
presence of impurities, the nature of the dopants and the doping levels. It may

25,28

also depend on the temperature of the measurements, vary with magnetic

field strength,?® and be light sensitive.*°

Numerous interpretations have been proposed to explain the origin of zero-
bias anomalies. These have been attributed to polaron effects, phonon-assisted
tunneling, logarithmic singularities in the density of states of bulk semiconduc-
tors, resonant tunneling via impurity states located in tunnel barriers, and elec-
tron bottleneck effects arising from the blocking of tunneling states due to non-
zero electron relaxation times.?”:3%31 However, no definitive explanation has been

found yet.

This section reports the observation of zero—bias anomalies in three p-type
barrier samples, H160, H931 and H381. As illustrated in Fig.3.8, the second
derivative spectra of the first two heterostructures display pronounced dips near
zero—bias, centered about + 6 mV. These dips correspond to a decrease in conduc-
tivity at low applied voltages, and thus to a conductance maximum at zero-bias.
This appears more clearly in the first derivative spectra, (dI/dV)(V'), shown in
Fig.3.10 for both samples. These curves, which are proportional to the con-
ductivity of the heterostructures, reveal large zero-bias conductance peaks. The
temperature dependence of the zero—bias anomalies provides information about
their possible origin. Fig.3.11 shows (d?I/dVZ%)(V) spectra at three different
temperatures for sample H160. The same behavior is obtained from H931. As
the temperature, T, is increased from 4.2 K, the peaks which have been at-
tributed to the creation of phonons by the tunneling electrons all broaden and
decrease in amplitude. However, the dips near zero-bias remain practically tem-
perature independent as long as T < 70 K. They are gradually reduced at higher

temperatures. The temperature of 70 K at which the zero-bias anomaly starts
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Figure 3.10: Experimental first derivative spectra, (dI/dV)(V), at 4.2 K for
samples H160 and H931, showing the anomalous zero-bias conductance maxima

characteristic of these heterostructures.
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Figure 3.11: Experimental second derivative spectra at three different tempera-
tures for sample H160. They reveal that the zero-bias anomaly remains practi-
cally temperature independent as long as T < 70 K, but is gradually reduced at

higher temperatures.
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decaying corresponds to a thermal energy of 6 meV. This suggests that a con-
tinuum of interface states or of trap levels located in the barrier and/or near
the heterojunction interfaces must exist. The highest state of this continuum
should lie at 4.2 K about 6 meV above the Fermi level in the unbiased structure.
These states are schematically illustrated in the energy band diagram depicted
in Fig.3.12 for sample H160. Band bending calculations indicate that when a
negative voltage V, = —14 mV is applied to the left GaAs electrode with respect
to the right cladding layer, the highest level of the continuum of states at the
first heterojunction interface (z = 0) coincides in energy with the Fermi level,
E‘, in the left cladding layer. Consequently, if these states act as electron traps,
electrons cannot tunnel through the barrier from left to right at 4.2 K as long as
—14 <V, <0 mV. This is in good agreement with the decrease in conductivity
near zero-bias observed in Figs.3.10 and 3.11. When V, < —14 mV, electrons
in the left GaAs electrode have energies greater than the highest trap state at
z = 0. These electrons can tunnel through the AlAs barrier, causing the conduc-
tivity to increase. Because the structure is symmetric, the same occurs in the
other bias direction, for electrons tunneling from right to left. The temperature
dependence of the zero—bias conductance peak may be explained qualitatively by
assuming that increasing the temperature from 0 to T mainly results in raising
the Fermi level by (kT). When T > 70 K, (kT) > 6 meV, and some electrons
have enough energy to tunnel through the barrier. As a result, the decrease in
conductivity near zero—-bias is reduced, and the corresponding second derivative

dips become broader and smaller in amplitude.

Zero-bias anomalies are also obtained from sample H381. Fig.3.13 shows
(d*I/dV%)(V) spectra at four different temperatures for this heterostructure, in
the voltage range [—50,50] mV. Except in the low bias regions of the curves,

([Val < 15 mV), these spectra are similar to those of H160 and H931. How-
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Figure 3.12: Calculated energy band diagram for sample H160, showing schemat-
ically a continuum of interface states at each heterojunction interface. The high-

est level in each continuum is assumed to lie at low temperatures about 6 meV

above the Fermi level in the unbiased structure.
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Figure 3.13: Experimental second derivative spectra at four different tempera-

tures for sample H381, illustrating the temperature dependence of the zero-bias

anomaly.
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ever, in Fig.3.13, prominent peaks are observed near zero—bias at 4.2 K. This
is indicative of a zero—bias conductance minimum, as opposed to the zero-bias
conductance maxima obtained from H160 and H931. Furthermore, sample H381
features a zero-bias anomaly which is extremely temperature sensitive. As il-
lustrated in Fig.3.13, the sharp peaks visible at 4.2 K near zero-bias decay very
rapidly with increasing temperature. They vanish at 14 K. As the temperature
is further increased, they are replaced by dips, which become more pronounced
and reach their maximum amplitude at 50 K. The dips then remain practically
identical as long as T < 70 K. However, they broaden and decrease in amplitude
at higher temperatures. These results reveal that the zero-bias anomaly has a
more complex temperature dependence in sample H381 than in H160 and H931.
In particular, the zero-bias conductance minimum obtained at 4.2 K from H381
becomes a conductance maximum at 14 K. As in H160 and H931, this zero-bias
anomaly may be tentatively attributed to a set of interface states or to trap lev-
els located in the AlAs barrier and/or at the heterojunction interfaces. If Ef
(Ef...) denotes the energy of the lowest (highest) trap state, the Fermi level,

mar

E((T), in the unbiased structure should be such that Ey < Et, < E! _ at 4.2

min maz

K. As the temperature is increased, (Ef,;, — E;) is reduced and less electrons

may tunnel through the barrier at low applied voltages. This causes the peaks
observed near zero-bias in Fig.3.13 to decay. Dips which increase with temper-

ature are obtained when E? .

< E;f < E!, .. However, when T is high enough
that E; > E! ., more electrons may tunnel through the barrier, and the dips

are reduced.

In conclusion, two types of anomalous zero-bias conductances have been de-
scribed in this section. In samples H160 and H931, the zero-bias anomaly is a
conductance peak. In sample H381, it is a conductance minimum for T < 14 K,

and a conductance maximum at higher temperatures. No definitive explanation
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for the origin of these effects has been found. However, they may be tentatively
attributed to interface states or to trap levels located in the AlAs barrier and/or
at the heterojunction interfaces. Because they are only observed in three of the
samples, these zero-bias anomalies should be closely related to the quality of the

materials and, more particularly, of the interfaces.

3.4 Samples with n—Type AlAs Barrier Layers

3.4.1 Current Transport Through Thick n—-Type AlAs

Layers

This section deals with MOCVD grown GaAs—AlAs—GaAs double heterojunc-
tions in which the AlAs barrier layers are doped n—type with Se. The parameters
of the samples are listed in Table 3.1. All the heterostructures are characterized
by high doping densities in the AlAs layers as well as in the GaAs electrodes.
Furthermore, with the exception of Y760, all the samples have thick AlAs layers
(140-730 A). As in the of p-type barrier structures, the experimental J-V curves
display increasing resistance with decreasing temperature. This indicates that
tunneling is an important current transport mechanism at low temperatures in
the n—type barrier structures as well. However, the high current densities ob-
served are inconsistent with tunneling through the thick AlAs layers character-
istic of these heterostructures. This is illustrated in the experimental J-V curve
at 4.2 K shown in Fig.3.14 for sample H003. This curve may be compared to the
J-V characteristic displayed in Fig.3.2 for the p-type barrier structure H125. As
indicated in Table 3.1, the AlAs layer in HO03 is 693 A thick, almost 15 times
thicker than in H125. Nevertheless, low temperature current densities are about
40 times greater in HO03 than in H125. In addition, the n—type barrier samples

do not display the proper relationship between current density and barrier thick-



117

500 . 1
Sample HO003
J—V Curve

400 ¢
C\JE T =42 K
O
~.
< 300 ¢ -
2>
D
(e
)
an)
~— 200+t -
C
h
5
)

100 + -

O . i R
0 100 200

Voltage (mV)

Figure 3.14: Experimental J-V curve at 4.2 K for the n-type barrier sample
H003. The AlAs barrier layer is 693 A thick. It is doped with Se at about

5%x107¢m~3. The doping density in the n—-type GaAs electrodes is 5.5 x 108¢m 3.
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ness expected for tunnel structures. In particular, almost identical J-V curves
are obtained from H003, HO98 and H099. Table 3.1 reveals that these samples
have similar doping densities, but AlAs layer thicknesses ranging between 589
and 730 A. This suggests that when the n-type AlAs layers are thick enough,
the experimental J-V characteristics of heterostructures having the same doping
concentrations are independent of AlAs layer thicknesses. Furthermore, smaller
current densities are obtained from H056 and HO83. This is apparently incon-
sistent with the structure parameters listed in Table 3.1: although both samples
have slightly lower electrode doping densities than H003, H098 and H099, they
have much thinner AlAs layers (141.5 and 339.5 A, respectively). Finally, sample
Y760 has a thin AlAs quantum barrier and a doping density of 3 x 10%¢m =2 in
the GaAs cladding layers. However, its current density is only twice as large as in
HO003, H098 and H099. This confirms that the thickness of the barrier through
which the electrons actually tunnel must not be increasing with the physical

width of the AlAs layer.

These apparently inconsistent results may be explained by calculating the
energy band diagrams of the structures using the approach developed in Chapter
2. These calculations reveal that if the AlAs layer is sufficiently thick and the
n-type doping densities are large enough, the AlAs conduction band may be
fully depleted of electrons at the I'-point but not at the X-point. When this
occurs, calculating the shapes of the conduction band edges at the I'-point in
the GaAs electrodes and at the X-point in the AlAs layer becomes essential in
determining the nature of the dominant current transport mechanisms. Energy
band profiles indicate that in this instance, electrons occupying I'-point states
in the GaAs cladding layers do not tunnel through a single potential energy
barrier, but through two reduced AlAs X-point barriers separated by a central

AlAs bulk-like region. Fig.3.15 shows two such energy band diagrams for sample
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Figure 3.15: Calculated conduction band edges at the I'-point in the GaAs

electrodes, and at the X-point in the AlAs layer, for sample H003. (a) depicts

the unbiased structure. (b) corresponds to a total applied voltage V, = —50 mV.

These energy band diagrams show that tunneling occurs through two reduced

AlAs X-point barriers separated by a bulk region of AlAs.
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HO003. Fig.3.15(a) depicts the unbiased structure. Fig.3.15(b) corresponds to a
total applied voltage of —50 mV. Fig.3.15(a) reveals that GaAs I'-point electrons
near the Fermi level do not tunnel through a 693 A thick AlAs barrier layer but
through two reduced AlAs X—point barriers which are only 22 meV high and 49
A thick.

For given doping densities, these reduced barriers remain identical regardless
of AlAs layer thicknesses provided a bulk-like region exists in AlAs. For given
AlAs layer thicknesses and GaAs doping concentrations, reducing the AlAs dop-
ing density causes the accumulation layers in the electrodes to decrease, and the
two reduced barriers to become higher and broader. As a result, the central AlAs
bulk-like region becomes progressively thinner until it eventually vanishes. If the
doping level and the thickness of the AlAs layer are kept the same, increasing
the electrode doping density causes the Fermi level to rise, the electrode accu-
mulation layers to decrease, and the two reduced barriers to become lower and

thinner.

It results from the above discussion that large experimental current densities,
Jezp(V'), can be expected, even when the physical thickness, a, of the AlAs layer
is large enough that tunneling through the whole barrier is negligible. Further-
more, for given doping concentrations, Jzp(V) should be independent of a as
long as a bulk-like region exists in AlAs. In addition, J.,,(V') should be an in-
creasing function of electrode and barrier doping densities. These results explain
why samples HO03, HO98 and H099 have almost identical J-V characteristics
despite their different AlAs layer thicknesses. They also explain why H056 and
H083 have smaller current densities than H003, H098 and H099: although both
heterostructures are characterized by thinner AlAs layers, they have lower elec-
trode doping concentrations, and thus thicker and higher reduced AlAs X-point

barriers. In the case of sample HO83 for example, the two reduced tunnel barriers



121

are 30 meV high and 64 A thick under no applied bias. Energy band diagram
calculations also indicate that the AlAs layer in sample Y760 is thin enough that
it remains totally depleted of carriers at both the I'- and X—points. As a result,
the dominant current transport mechanisms at low temperatures are expected
to be different in Y760 than in the other n*—n—n* heterostructures. As in the
p-type barrier samples, electronic transport in Y760 should be dominated by
tunneling through the AlAs band gap at both the I'- and X—points, in a one-
step process, and not through two reduced X-point barriers separated by a bulk

layer of AlAs.

Another important property of heterostructures having thick n—type AlAs
layers is that changes in slope are visible in the low temperature J-V curves and
reproducible features are observed in the derivative spectra. This is indicative
of inelastic tunneling processes. Fig.3.16 illustrates a second derivative curve
at 4.2 K for sample H003. The two sharp peaks near zero—bias correspond to a
pronounced zero-bias anomaly. Six additional peaks are obtained in each bias
direction. The most prominent ones occur at +50 and + 73 mV. Smaller peaks
are observed at +125 and 4 145 mV. Shoulders are also visible at + 25 and + 80
mV. Samples H098 and HO099 yield the same (d?I/dV?)(V) spectra as HO003.
H056 and HO83 have similar second derivative curves, but the peak positions
are shifted by 5-10 mV. Very different spectra are obtained from sample Y760.
They are discussed in section 3.4.2. These observations suggest that the features
obtained in the derivative curves may be due to fundamental processes related to
the dominant current transport mechanisms taking place in the heterostructures.
A definitive explanation for the origin of these features has not been found, but
some possible interpretations may be proposed. The peaks observed in Fig.3.16
may arise from the excitation of vibrational modes of impurities located in the

AlAs layer or at the GaAs/AlAs interfaces. They can also be attributed to the
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Figure 3.16: Experimental second derivative curve at 4.2 K for sample HO03. The
same spectra are obtained from H098 and H099. HO056 and HO083 yield similar
(d’I/dV?)(V) curves, but the peak positions are shifted by 5-10 mV.
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emission of phonons by the tunneling electrons. In the samples under discussion,
electrons occupying I'-point states in one GaAs electrode tunnel through the
first reduced AlAs X-point barrier, into the conduction band of the central AlAs
bulk-like region. Electrons then tunnel through the second AlAs X-point barrier,
into T-point states in the other GaAs electrode. As in p-type barrier structures,
this may occur by two mechanisms. First, electrons may scatter inelastically
into the X-valleys lying along the directions parallel to the planes of the layers.
This mechanism thus requires two scattering events, one near each heterojunction
interface. Secondly, the coupling of AlAs X-point states to GaAs I'-point states
due to the breaking of translational symmetry in the direction perpendicular
to the planes of the layers makes it possible for electrons to tunnel elastically
through the AlAs X—point barriers. During this process, electrons may also excite
X-point phonons in AlAs. The major difference with p-type barrier structures
is that current transport now occurs in a two—step process. As a result of the
voltage drops across the two reduced AlAs barriers, an inelastic scattering event
corresponding to the excitation energy (hwp) will not be manifested at the applied
bias Vo = hiwg/e, but at a total applied voltage Vj > Vo. Energy band diagrams
indicate that when the heterostructures are symmetrically doped, the voltage
drop across the first AlAs barrier through which the electrons tunnel is always
larger than that across the other AlAs barrier. This is illustrated in Fig.3.15(b)
in the case of sample HO03. Consequently, a given inelastic process should be
observed at a smaller applied voltage if it occurs in the first AlAs barrier or near
the GaAs—AlAs interface than if it takes place in the second AlAs barrier or
near the AlAs—GaAs interface. In particular, a single scattering event should be
manifested at a total applied bias Vo(l) < 2V, in the first case, but at VO(Z) > 2V,
in the second case. Depending upon where it occurs, any inelastic scattering

process may thus produce two second derivative peaks. Furthermore, the peak
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positions are functions of the total applied bias and the voltage drop distribution
across the barriers. As a result, they depend upon the growth parameters of the
heterostructures. This explains why the peak positions obtained from samples
HO056 and HO083 differ slightly from those observed in the (d?I/dV?)(V') curves of
H003, H098 and H099.

Energy band diagrams may be used to tentatively identify the origin of the
second derivative peaks observed in Fig.3.16. They reveal that the prominent
features obtained at & 50 mV are consistent with the excitation of a longitudinal
acoustic phonon at the X-point (Vf4 = 29 mV) in the first AlAs barrier or
near the GaAs—AlAs interface. If these peaks correspond to two—phonon modes,
the phonon created in the other AlAs barrier or near the second heterojunction
interface would be a transverse acoustic phonon (V4 = 11 mV). The peaks
visible at =73 mV could arise from the emission of a transverse optical phonon
at the X-point (VF? = 44 mV) in the first AlAs barrier, or the creation of
an LA phonon in the second AlAs barrier. Because these peaks are broader
and more pronounced than those obtained at 4+50 mV, both mechanisms may
actually occur simultaneously. If they correspond to two—phonon processes, the
peaks are consistent with the excitation of a TO phonon in the first barrier and
either a TA or an LA phonon in the second barrier, or with the creation of an
LA phonon in the second barrier and either a TA or an LA phonon in the first
barrier. The structure visible at +25 mV could arise from the emission of a
TA phonon in the second barrier. In a two-phonon process, another TA phonon
would also be created in the first barrier. The mechanism in which a single TA
phonon would be emitted in the first AlAs barrier should be manifested at about
+17 mV. However, no structure is observed at these voltages in experimental
second derivative spectra. This is because the sharp peaks corresponding to the

zero—bias anomalies would dominate the small structure produced by the TA
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phonon emission. The shoulders observed at £ 80 mV agree with the excitation
of a longitudinal optical phonon at the X—point (V% = 50 mV) in the first AlAs
barrier. In a two-phonon process, the phonon created in the second AlAs barrier
could be a TA or an LA phonon. The excitation of an LO phonon in the second
AlAs barrier is consistent with the peaks obtained at + 145 mV. The peaks at
+ 125 mV could arise from the emission of a TO phonon in the second barrier.
If these peaks are due to two—phonon processes, the other phonon could be any
AlAs X-point phonon (TA, LA, TO, LO). These results are summarized in Table
3.2.

It may thus be concluded that all the peaks observed in the (d2I/dV%)(V)
curves are consistent with the excitation of X-point phonons in the AlAs layer
or near the heterojunction interfaces. Since the peaks could correspond to ei-
ther one— or two—phonon processes, it is not possible to determine unambigu-
ously by which mechanism electrons tunnel through the AlAs X—point barriers.
Furthermore, it is found that each scattering event may produce two second
derivative peaks. This is because the peak positions depend upon where the
scattering events take place and the voltage drop distribution across the two

barriers through which the electrons tunnel.

3.4.2 Current Transport Through Thin n—Type AlAs Lay-

ers
a) Experimental Results

Samples in which the n-type AlAs layer is sufficiently thick and the doping
densities are large enough, are characterized by a central AlAs bulk-like region.
However, if the AlAs barrier layer is thin enough, it remains totally depleted of

carriers. This is the case of sample Y760. It results that the electronic properties



126

o1 0101 ‘'V1'VL

01 — syva  [[ewg SFIF
ol 01 ‘0L ‘VI'VL
oL — syead [ewg SIIF
V1Vl 01
— 01 s1ap[noyg 08F
VI‘'VL ol
— oL
VI V1'Vl
V1 - syead deyg SLF
AN V1
— V1 syeaq dreyg 0SF
VL AR
VL — _ s1ap[noyg SZF
908JIIJU] PUOIIG JVAU IO ?ovjIjuU] 8aJ IeaU IO
‘Jallreq] paonpay puodsg ‘JaLLreq pIImpay sAq (Aw)
SIPOJA] UOUOY uonydirosa(] yea g SUOINsoJ Yoo g

"(91°¢"817) s1ahey sy[y Yo1y3 Buravy sojdwres torureq adA)-u urory paureiqo syuad JAIJRALISp PUOIIS JO UOIJRIYIIUIPY ANIVIUI], TZ°C O[qV,



127

of this heterostructure are quite different from those of the n—type barrier samples

discussed in section 3.4.1.

As indicated in Table 3.1, the AlAs layer in Y760 is 85 A thick. The GaAs
electrodes are doped n—type with Se at 3 x 108¢m~3. The AlAs doping density
is estimated to be on the order of 1 x 108¢m 3. Fig.3.17 shows two energy band
diagrams for the sample. Fig.3.17(a) depicts the unbiased structure. Fig.3.17(b)
corresponds to a negative voltage, V, = —100 mV, applied to the left GaAs
cladding layer with respect to the right electrode. Both the direct I'-point and
the indirect X—point conduction band edges are shown in the barrier. Fig.3.17(a)
reveals that because of the n-type doping in the AlAs layer, the band edges
bend down at zero-bias and electrons accumulate in the GaAs electrodes near
the heterojunction interfaces. Fig.3.17(b) shows further that applying a negative
bias to the heterostructure reduces the accumulation layer in the right electrode

but causes more electrons to accumulate in the left cladding layer.

Because the AlAs quantum barrier is fully depleted of electrons, tunneling
occurs in sample Y760 in a one-step process, through the AlAs band gap at the
X-point and/or at the I'-point. This fundamental difference in electronic trans-
port between Y760 and the n—type barrier samples presented in section 3.4.1 is
manifested in the derivative spectra of the structures. A (d2I/dV?)(V) curve at
4.2 K is illustrated in Fig.3.18 for Y760. It displays three peaks in each bias
direction, at £32, +£43, and £62 mV. This spectrum is significantly different
from that depicted in Fig.3.16 for sample HO03. In particular, it has fewer and
smaller peaks. This indicates that inelastic processes in Y760 are not as impor-
tant as in the other n—type barrier structures. The peaks at =32 and +43 mV
could be attributed to the excitation by the tunneling electrons of transverse
optical phonons at the I'-point in the GaAs electrodes, and at the I'- or X~point

in the AlAs barrier, respectively. However, they correspond to slightly lower
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Figure 3.17: Calculated conduction band edges at the I'-point (solid lines) and at
the X~point (dashed lines), for sample Y760. The doping density in the nt—GaAs
electrodes is 3 x 10'¢m~2. The AlAs barrier, which is doped n-type with Se at
about 1 X 10'®¢m 3, is only 85 A thick. As a result, the quantum barrier remains
totally depleted of electrons, and tunneling occurs in a one-step process, through

the AlAs band gap at the X-point and/or at the I'-point.
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Figure 3.18: Experimental second derivative spectrum at 4.2 K for sample Y760.
Three peaks are observed in each bias direction, at + 32, +43, and +62 mV.
They correspond to the excitation by the tunneling electrons of mixed interface

plasmon-LO phonon modes.
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energies than those reported for GaAs and AlAs TO phonons: (wfo)gaas = 33
meV, (w¥y)aas = 44 meV, and (who) a4, = 45 meV.19~22 Furthermore, the only
GaAs lattice vibrations which have been identified in other samples are I'-point
LO phonons in p-type barrier structures. Finally, the peaks at =62 mV are
inconsistent with any of the inelastic processes previously identified. In fact, it
is shown in this section that the three peaks obtained in each bias direction in
Fig.3.18 can simultaneously and consistently be interpreted by considering the
interactions between phonons and interface plasmons. This is a unique property
of heterostructures having n—-type barrier layers, since it is only in these cases
that enough electrons accumulate at low biases in the GaAs electrodes, near the
heterojunction interfaces. As a result, electron gases exist at the GaAs/AlAs
interfaces, and interface plasmons may be excited by the tunneling electrons.
Because these plasmons can interact with GaAs and AlAs phonons, the nature
of the collective modes present in the structures may be strongly modified. Fur-
thermore, since GaAs and AlAs are polar semiconductors, the plasmon-phonon
coupling is expected to be strongest with longitudinal optical modes.??

In section b), the normal modes resulting from the coupling of interface
plasmons with GaAs and AlAs LO phonons are calculated for a single GaAs—
AlAs interface. In section c), we consider two semi-infinite GaAs electrodes
separated by a slab of AlAs. Finally, the results of these calculations are used in

section d) to interpret the experimental data shown in Fig.3.18 for sample Y760.

b) Plasmon—LO Phonon Interactions for a Single GaAs—AlAs Interface

A well-known property of an electron gas is its ability to undergo collective
motions (plasma oscillations). Interfaces separating materials with different elec-
tronic properties may induce new modes of plasma oscillations. In principle, these

modes can be excited by incident electrons in tunneling experiments and thus
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can be detected experimentally. Furthermore, interface plasmons may couple to
lattice vibrations. In degenerate (III-V) semiconductors having doping densities
on the order of 1 x 108¢m~3, interface plasmons and LO phonons have compa-
rable frequencies and can interact very strongly. This plasmon-phonon coupling
may then lead to important changes in the nature of the collective modes. In
contrast, metals have higher electron densities and plasmon frequencies, causing
the effect of this coupling to be negligible.

Interface plasmons have been identified in a number of tunneling experi-
ments performed on metal-insulator-metal®® and metal-semiconductor34=3¢ tun-
nel junctions. For these structures, interface plasmons have also been described
theoretically.3”8 In addition, the interactions between plasmons and phonons in
polar semiconductors have been studied in the case of semiconductor—dielectric
interfaces,® and also for semiconductors having free surfaces.?%%! However, no
experimental or theoretical work has been reported on plasmon-phonon coupling
in tunnel structures in which the electrodes and the barrier layers consisted of
semiconductors.

The investigation of plasma oscillations is based upon Maxwell’s equations.
For the purpose of the calculations presented here, electrostatic considerations
are sufficient for an adequate description of the phenomena. We thus wish to

find solutions to the following equations:

V.-D =0, (3.6)
V-H=0, (3.7)
VxE=--i~%Iti, (3.8)
VxH= %%]tz (3.9)

In these equations, the magnetic permeability u is taken to be equal to unity.
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If ¢(w) denotes the frequency dependent dielectric function, D and E are
related by
D =¢(w)E. (3.10)

We seek solutions corresponding to the propagation of waves along a direction
z parallel to the interfaces separating the different media. The z—axis is assumed
to be perpendicular to these interfaces. Any component of the fields can thus be

written as

F(z,z,t) = Re F(z)é'99), (3.11)

where q denotes the magnitude of the two—dimensional wave vector parallel to
the interfaces.

If we restrict ourselves to “electric waves” (TM) and neglect the “magnetic
waves” (TE), which are purely transverse, H, = H, = E, = 0 in any material.

As a result, the field amplitudes inside each medium may be found by using

1, dE,
E(2)= (=) % (3.12)
w €(w)
Hy(z) = ( > ) E, (3.13)
and integrating
d*’E, 9
- Q°E, =0, .
5~ Q (3.14)

where

Q=1/g— ‘*c’_: €(w), ReQ>0. (3.15)

The general solution of Eq.(3.14) is a linear combination of the two indepen-
dent solutions e?* and e~ 9=,

In this section, we consider a single interface at z = 0, separating two
semi-infinite semiconductors, (I) and (II). This configuration is illustrated in

Fig.3.19(a). The solution for E, which remains finite at infinity is
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Figure 3.19: (a) Single interface at z = 0, separating two semiconductors I and IL.
Semiconductor I (II), corresponding to z < 0 (z > 0), has a frequency dependent
dielectric function €;(w) (e;7(w)). (b) Two interfaces, at £ = 0 and z = a,

separating semiconductors I and II, and II and III, respectively.
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Aredr=, z <0
= (3.16)

A C_Q”z, > 0.
Eqs.(3.12) and (3.13) can be used to calculate the corresponding E, and
H,. Finally, the continuity of the flelds across the interface yields the following

dispersion relation:
Qren(w) _
Q1 er(w)

For (gc) large compared to w, but still sufficiently small so that the local

-1, (3.17)

dielectric function €(w) can be used, the frequencies of the coupled modes are

determined by the locations of the zeros of the total dielectric function:
E](UJ) + EII(OJ) = 0. (3.18)

For a degenerate n—type semiconductor, the dielectric function including the

plasma frequency is given by3?

€(0) — €(c0)  4mne?
e(w) = ¢(o0) + AL
(1 _ UM%Z) mtw

(3.19)

where €(0) is the static dielectric constant, e(co) is the high-frequency limit of
the dielectric function, n is the free electron density, m* is the electron effective
mass, and wro is the TO phonon frequency in the absence of coupling.

In cubic crystals having two atoms per unit cell, such as GaAs and AlAs,
wro is related to the LO phonon frequency, wro, by the Lyddane-Sachs—Teller

relation:

wio _ €(0)
who  €(00)

(3.20)

To be specific, let us consider a single GaAs—AlAs interface. If the GaAs layer
is degenerately doped n-type, its dielectric function is given by Eq.(3.19), with
Ngeas 7 0. If the AlAs conduction band is totally depleted of carriers, n4, = O,

and the dielectric response of AlAs reduces to the first two terms in Eq.(3.19).
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In this instance, the frequencies of the coupled modes are the roots of

€cans(0) — €Gans(00)  €4145(0) — €a145(00) _A4m Ngads€®

6GaA:s(oo)_l'EAlAa(oo)'{' w? + w? * 2 = 0.
( " (wro)% 44-) ( - (wTO)AM') e (3.21)

This is a cubic equation in w?. For each value of ngy4,, three normal modes
are found for the coupled system interface plasmon—GaAs LO phonon—-AlAs LO
phonon. In Fig.3.20, the three branches of the dispersion relation are plotted
versus the free electron density in GaAs, for values of ng.4s ranging between
1 X 1017 and 1 x 10¥cm 3. In GaAs (AlAs), €(0) and €(oco) are 13.2 (10.1) and
10.9 (8.2), respectively. (wro)gaeas is taken to be the frequency of the GaAs T'-
point TO phonon: wh, = 33 meV.1%?° In AlAs, the I'- and X-point TO phonons
both have the same energy within 1 meV: wh, = 45 meV and wf, = 44 meV.?1,?2
The curves depicted in Fig.3.20 could thus correspond to an AlAs LO phonon at
either the I'- or the X~point.

The three branches are labeled (A), (B), and (C) in Fig.3.20. Because the
plasma frequency is a strong function of ng,4,, the normal modes also de-
pend upon the GaAs doping concentration. When ng.4, is small (ngaas <
2x10Y¢m™3), or very large (ngaas > 8x108cm=3), the frequency of the interface
plasmon differs significantly from those of the LO phonons, and the interaction
is weak. The normal modes are then essentially those of the uncoupled system.
As indicated in Fig.3.20, we get an interface plasmon (A), a GaAs LO phonon
(B), and an AlAs LO phonon (C), for small values of ng,4,. For large values of
NGaas, the three modes have the energies of a GaAs TO phonon (A), an AlAs TO
phonon (B), and an interface plasmon (C). In the limit of high GaAs electron
concentrations, the LO phonon modes vibrate at the corresponding TO phonon
frequencies because the charge carriers have shielded out the polarization of the
lattice vibrations.*? For intermediate values of ng,4,, the plasma frequency be-

comes comparable to the LO phonon frequencies and the coupling is strong. As a
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Figure 3.20: Calculated dispersion relation for the coupled system interface plas-
mon-GaAs LO phonon-AlAs LO phonon, in the case of a single GaAs-AlAs
interface. ngqa, is the free electron density in the GaAs layer. The AlAs con-

duction band is assumed to be totally depleted of carriers (naias = 0).
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result, the modes repel one another to avoid intersecting, and the normal modes
of the system are no longer the individual phonons and the interface plasmon, but
mixed plasmon-phonon modes. Fig.3.20 reveals that the interaction is strongest

for values of ngqeas ranging between 8 x 107 and 3 x 10%8c¢m=3.

c) Plasmon—LO Phonon Interactions for two GaAs/AlAs Interfaces

Calculations of interface plasmon—-LO phonon coupling have also been per-
formed in the case of two semi-infinite materials separated by a thin layer of
another semiconductor. This configuration is illustrated in Fig.3.19(b). It is
that of a single barrier tunnel structure. The two interfaces are located at £ =0
and z = a, between semiconductors (I) and (II), and semiconductors (II) and
(III), respectively.

The dispersion relation describing the interaction between the plasmons at
both interfaces and the LO phonons in all three materials may be obtained using

the same approach as in the case of a single interface. This dispersion relation

is given by
Ry Ry + (RI + RIII) coth(a Qn) +1=0, (3.22)
where
Q1 €rr(w)
Ry = xreu\Ww) 3.23
" Queaw (3.22)
and
Quur err(w)
Ry = ——"—~, 3.24
T Quren(w) (824)
If regions (I) and (III) are identical, Eq.(3.22) takes the form
2
(-——Q’ e”(w)) +2 (———Q’ e”(w)) coth(aQr) +1 =0. (3.25)

Qi1 er(w) Qurer(w)

When (a Q1r) > 1, both interfaces become independent and Eq.(3.25) reduces

to the dispersion relation obtained for a single interface (Eq.(3.17)).
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To be specific, let us consider a GaAs—AlAs—-GaAs double heterojunction in
which the GaAs cladding layers are degenerately doped n—type but the conduc-
tion band in the AlAs barrier layer is fully depleted of electrons. In Figs.3.21(a)
and (b), the four branches of the dispersion relation are plotted versus (qa)
for GaAs doping densities of 3 x 10'® and 5 x 108¢m =3, respectively. When
(ga) becomes sufficiently large, the two interfaces are decoupled, and the four
branches tend asymptotically toward the three modes plotted in Fig.3.20 for a
single GaAs—AlAs interface. For example, these asymptotic values are 32.5, 44
and 77 meV in Fig.3.21(b). They correspond precisely to the energies of the
three modes obtained in Fig.3.20 for ng.4s = 5 x 10¥cm™3. Figs.3.21(a) and
(b) also indicate that as the energies of the interface plasmons and LO phonons
become more comparable, the plasmon—-phonon interactions remain strong over a
wider range of values of (ga). For example, if ngaa, = 5 X 108¢m™3, the coupling
is important for (ga) < 0.35. When ngsa, = 3 X 108¢m™3, the plasmons and

interface plasmons interact strongly for (ga) < 0.7.

d) Interpretation of Experimental Results

The energies of the normal modes anticipated from the interactions between
LO phonons and interface plasmons in sample Y760 may be found by using
the theoretical approach presented in section ¢). For a GaAs doping den-
sity of 3 x 108¢m™2, the four branches of the dispersion relation are plot-
ted in Fig.3.21(a). However, for electrons near the Fermi energy, tunneling
through the AlAs barrier layer, (ga) is sufficiently large that the two inter-
faces are independent. Comnsequently, only the three asymptotic modes need
to be considered. Their energies may thus be found directly from Fig.3.20. For
Ngaas = 3 X 108e¢m ™3, wy = 32 meV, wp = 43 meV and we = 62.5 meV. These

values are in good agreement with the threshold voltages of the inelastic scatter-
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Figure 3.21: Calculated dispersion relation for the coupled system interface plas-
mon-GaAs LO phonon-AlAs LO phonon, in the case of two semi-infinite GaAs
layers separated by a thin slab of AlAs. ¢ is the two-dimensional wave vector
parallel to the interfaces, and a is the thickness of the AlAs layer. The GaAs
electrodes are degenerately doped n-type at ngas, = 3 X 10%c¢m=3 in (a), and

Ngaas = 5 X 10%e¢m™3 in (b). The AlAs barrier layer is assumed to be totally

depleted of electrons {na4, = 0).



140

ing processes observed in the low temperature second derivative spectra of the
sample, at £ 32, +£43 and +62 mV. Therefore, it may be be concluded that the
peaks obtained in Fig.3.18 arise from the coupling of plasmons located at the
GaAs/AlAs interfaces with LO phonons in the GaAs electrodes and the AlAs
barrier layer. As indicated in Fig.3.20, plasmon—phonon interactions are strong
in this heterostructure because ngqas = 3 X 108¢m =2 and the frequencies of the
interface plasmon and LO phonons are comparable. It should be mentioned that
whereas these phonons are clearly I'-point LO phonons in GaAs, they may be
either I'- or X—point phonons in AlAs. Consequently, it is not possible to deter-
mine without ambiguity whether it is the direct or indirect AlAs band gap which

governs electron tunneling in sample Y760.

Similar interface plasmon-LO phonon interactions may also exist in the n—
type barrier samples presented in section 3.4.1. However, such interactions have
not been mentioned in the discussion of the second derivative peaks obtained
from these structures. There are two main reasons for this. Firstly, negligi-
ble plasmon-LO phonon interactions are expected from these samples because
the doping densities in the GaAs cladding layers are greater than 5 x 1038cm=3.
Secondly, electronic transport occurs through different processes than in het-
erostructures having thin AlAs barrier layers. The excitation of mixed plasmon-—
phonon modes by the tunneling electrons could thus be dominated by other
current transport mechanisms. A complete understanding of these phenomena
would thus require the investigation of a wide variety of samples having different

barrier thicknesses, barrier doping densities and electrode doping concentrations.

3.5 Summary

The objective of this study was to investigate elastic and inelastic tunneling
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processes in GaAs—AlAs—GaAs double heterojunctions grown by MOCVD in the
[100]-direction. The GaAs electrodes in the heterostructures studied were de-
generately doped n—type with Se. The AlAs quantum barriers were doped either
p-type with Mg or n-type with Se. The electronic properties of the samples were
investigated by performing measurements of current-voltage, I-V, characteris-
tics, as well as first, (dI/dV)(V), and second, (d*I/dV?)(V), derivatives of the

I-V curves, at temperatures ranging from 300 to 4.2 K.

Experimental and theoretical results made it possible to identify the dominant
current transport mechanisms taking place at low temperatures in structures
with thin p-type AlAs barrier layers. () First, electrons may tunnel elastically
through the AlAs I'-point barrier. (¢7) They may also tunnel inelastically and/or
elastically through the AlAs band gap at the X-point. Inelastic X-point tunnel-
ing, which may occur via virtual states beneath the four X—point valleys lying
parallel to the planes of the layers, requires electron scattering near both hetero-
junction interfaces. Elastic X-point tunneling, which is due to the coupling of
AlAs X-point states with GaAs I'—point states, can take place via virtual states
below the two AlAs X—point valleys lying in the direction perpendicular to the
planes of the layers. (#) Finally, electrons tunneling through the AlAs band gap
at the I'-point and/or at the X—point can create fundamental excitations, such

as phonons.

A theoretical model, which treats trap levels in the AlAs barrier as inter-
mediate states for two-step tunneling processes, was developed and discussed in
the case of p~type barrier structures. Calculations indicated that this impurity—
assisted tunneling mechanism can become important when the AlAs barrier is

thick enough.

The p-type barrier samples were classified into two categories depending on

the nature of the inelastic tunneling processes which could be identified in their
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derivative spectra. In particular, it was found that the first mechanism by which
electrons may tunnel through the AlAs band gap at the X-point, and which
requires two scattering events, was more important in the stuctures of the first
type than in those of the second type. The opposite was true for the other tun-
neling mechanism, in which AlAs X-point states couple to GaAs I'-point states
through the breaking of translational symmetry in the direction perpendicular to
the heterojunction interfaces. These results revealed that the dominant current
transport mechanisms taking place in single barrier heterostructures may vary
from sample to sample. Such effects should be related primarily to the quality

of the materials and the heterojunction interfaces.

A number of p-type barrier samples also showed anomalous zero—bias con-
ductances. These so—called zero-bias anomalies may be attributed to interface
states or to trap levels located in the AlAs barrier and/or near the heterojunction

interfaces.

Structures in which the AlAs layers were doped n—type were characterized
by high current densities at low temperatures, even when the AlAs layers were
very thick (140-730 A). Furthermore, these samples did not display the proper
relationship between current density and barrier thickness expected from tun-
nel structures. Energy band diagram calculations revealed that when the AlAs
layer is thick enough and/or sufficiently doped, the AlAs conduction band at
the X—point is not fully depleted of electrons. In this instance, the dominant
low temperature current transport mechanism is tunneling through two reduced
AlAs X-point barriers separated by a bulk layer of AlAs. These results were
consistent with the peaks observed in the second derivative spectra of the sam-
ples. These peaks could be attributed to the creation by the tunneling electrons
of single AlAs X—point phonons in the barriers, or to the excitation of two AlAs

X-point phonons, one near each GaAs/AlAs heterojunction interface.
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In samples having sufficiently thin n-type AlAs layers, the AlAs conduction
band remains totally depleted of carriers. Tunneling thus occurs in a one-step
process, through the AlAs band gap at the X-point and/or at the I'-point. In
these structures, plasmons located at the GaAs/AlAs interfaces may interact
with LO phonons in GaAs and AlAs. This occurs when the GaAs doping density
is such that the plasma frequency becomes comparable to the LO phonon fre-
quencies. When this coupling is strong, the normal modes of the system are no
longer the individual phonons and the interface plasmons, but mixed plasmon-
phonon modes. These modes, which can be excited by the tunneling electrons,
have been observed experimentally. Peak positions in (d?/dV %)(V') spectra were
found to be in good agreement with the calculated energies of the modes arising

from the coupling of interface plasmons with GaAs I'-point LO phonons and

AlAs I'- or X—point LO phonons.
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Chapter 4

Resonant Tunneling in
GaAs/Al;Ga;_,As Double

Barrier Heterostructures

4.1 Introduction

Negative differential resistance devices based on resonant tunneling through
double barrier heterostructures are the object of considerable theoretical and
experimental work.!~1% In most studies, the main current transport mechanism is
electron tunneling through two ultra—thin Al,Ga;_,As tunnel barriers separated
by a GaAs quantum well. The most important electronic properties of these
structures are the presence of negative differential resistances in their current—
voltage (I-V) characteristics, and their high-speed capabilities. As a result,
they have potential applications in millimeter-wave oscillators,!® mixers and high
density logic circuits. Furthermore, new classes of three-terminal devices using
resonant tunneling through quantum well and quantum barrier heterostructures

are being proposed.’~!* These devices could be used as fast switches, frequency
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multipliers, multistate memories and high-speed analog-to-digital converters.!!

In a typical two—terminal double barrier heterostructure, electrons tunnel
between two degenerately doped electrodes through two quantum barriers sep-
arated by a quantum well. In the direction perpendicular to the heterojunction
interfaces, the quantum well is characterized by a spectrum of discrete quasi-
stationary energy levels. Tunneling electrons moving perpendicular to the bar-
riers with an energy equal to these resonant states have a large transmission
probability. Since the structures are three—-dimensional and charge carriers in
the well are free to move parallel to the planes of the layers, the quasi-stationary
levels are in fact the minima of two—dimensional energy subbands. In considering
elastic tunneling perpendicular to the barriers, two conditions must be satisfied:
(7) conservation of energy, and (sz) conservation of the transverse component of
the electron wave vector. This second condition is essential in obtaining negative
differential resistances. Let E; be the lowest resonant state in the quantum well.
As long as Ej is higher in energy than the Fermi level in the incident cladding
layer, E}, no electrons are allowed to tunnel through the subband associated with
E;. Tunneling through the entire structure is possible but exponentially small.
If the applied bias is increased, E; is lowered with respect to E} When both
levels coincide in energy, resonant tunneling via E, is initiated. As the applied
voltage becomes larger, the current increases rapidly, until E; lines up with the
conduction band edge in the incident electrode. Then, resonant tunneling via
E, is no longer possible: although there are states available for tunneling in the
two-dimensional subband associated with Ej, the transverse component of the
electron wave vector cannot be conserved. This causes the tunneling current to
decrease, i.e., produces negative differential resistance. Higher energy subbands

will yield the same phenomena.

The I-V curves anticipated from resonant tunneling double barrier het-
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erostructures were first calculated by R. Tsu and L. Esaki in the square poten-
tial approximation.! Vassell et al. improved this model by assuming trapezoidal
shapes of the tunnel barriers under applied biases.® Both formalisms predict neg-
ative differential resistances characterized by very large peak-to—valley current
ratios (I,/I,) at low temperatures. For example, in structures having two 20 A
thick Al,Ga;_,As barrier layers separated by a 50 A wide GaAs quantum well,
I,/1, is found to be on the order of 150 for the first resonance when the barrier
height is taken to be 0.5 eV.! This is in conflict with experimental results since
one of the best values of I,/I, realized to date has been 10 at 77 K.!®* However,
the discrepancies observed between calculated and experimental I-V curves may
be reduced by making the barriers lower and thinner, and also by growing the
structures with sharper interfaces and fewer impurities in the quantum barriers
and well.’® Furthermore, processes such as phonon-induced inelastic tunneling
have been shown to set an upper limit to the peak—to—valley current ratios antic-
ipated from resonant tunneling alone.!® As the barrier layers become thicker and
higher, experimental I-V characteristics deviate more significantly from theo-
retical predictions based on direct band gap resonant tunneling. This indicates
that competing current transport mechanisms become more important. When
the Al;Ga;_,As tunnel barriers are made of indirect band gap alloys (z > 0.40-
0.45), the resonant energy levels in the GaAs well correspond to states confined
by the Al,Ga;_,As X—point potential energy barriers as well as the Al,Ga;_,As
I'-point barriers. These additional energy levels are expected to increase the
current densities and reduce the peak-to—valley current ratios of the negative

differential resistances.

This chapter discusses the main results of a study of resonant tunneling
through GaAs/Al,Ga;_,As double barrier heterostructures. Emphasis is placed

on identifying the quasi-stationary energy levels in the GaAs quantum well
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which produce negative differential resistances in experimental I-V character-
istics. This is achieved by calculating the energy band diagrams of the struc-
tures. Energy band profiles are important in determining the actual shapes of
the potential energy barriers through which the electrons tunnel. Furthermore,
they give the voltage drop distributions, not only in the quantum barriers and
well, but also in the cladding layers. These distributions may differ significantly
from those based on the usual assumption that the entire applied voltage drops
linearly across the barriers and well. As a result, energy band diagrams are es-
sential in finding the positions of the resonant states in the quantum well and
in identifying the origin of the negative differential resistances observed experi-
mentally. This is particularly important in structures having indirect band gap
Al,Ga;_;As barrier layers because some of the peaks in current are found to be
inconsistent with resonances in the GaAs well confined by the Al,Ga;_,As I'-
point potential energy barriers. However, the experimental I-V data can usually
be accounted for by considering tunneling via resonant states in the well bound
by the Al,Ga;_,As X-point potential energy barriers in addition to resonant
tunneling via quasi-stationary I'-states. This is in conflict with the commonly
made assumption that the only symmetry point to consider in the barriers should
be the I'-point, even when Al,Ga;_,As is indirect.

Samples featuring negative differential resistances in their I-V characteristics
are listed in Tables 4.1 and 4.2, along with their most important parameters.
Except for one MBE grown structure, 489, all of the samples were fabricated by
MOCVD. The tunnel barrier and quantum well thicknesses indicated in Table
4.1 for sample 489 were estimated from the growth parameters. However, the
layer thicknesses given for the other heterostructures were obtained from TEM
measurements, accurate to within one monolayer (one monolayer is taken to be

2.83 A). In Table 4.1, Barrier No.1 refers to the Al;Ga;_,As layer closer to the
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substrate, while Barrier No.2 corresponds to the barrier adjacent to the top elec-
trode. It should be noted that the GaAs quantum well is nominally undoped in
all the samples. However, the barriers are doped p-type with Mg in a number
of MOCVD grown structures. This is because better sample quality and ex-
perimental results were originally obtained when the barrier layers were doped

p-type than when they were doped n-type or nominally undoped.

The structures listed in Tables 4.1 and 4.2 may be classified into two cat-
egories. The first type includes samples fabricated to study the fundamental
electronic properties of resonant tunneling heterostructures as two—terminal de-
vices. These samples may be divided further into those having Al,Ga;_,As
barrier layers (489, HO43, H945, S009), and those with pure AlAs tunnel barriers
(H283, H392, H408, H418, H475, H919, H927). Although it did not always result
to be so in practice, these structures were intended to be grown symmetrically.
All of them were fabricated on [100]-oriented nt—GaAs substrates. A first epi-
taxial layer of degenerate n*—GaAs was grown 2-3 um thick. It was followed
by two thin layers of Al,Ga;_.As or pure AlAs, separated by a layer of GaAs
forming the quantum well. Finally, a GaAs top layer was grown, degenerately
doped n—type. The electrode doping densities given in Table 4.2 were obtained
from Polaron doping profiles. The doping concentrations in the quantum barriers
and well were estimated from the flow rates (MOCVD) or beam fluxes (MBE)
used during growth. They could thus be in error due to background doping and
dopant memory effects, and to the difficulty of accurately calibrating ultra—thin
layer doping levels. Furthermore, it has been reported that the level of electrical
activity of Mg as a p-type dopant is very low in GaAs but increases rapidly
with Al composition in Al,Ga;_;As.17 As a result, a given Mg flow rate is ex-
pected to produce larger p-type barrier doping concentrations when pure AlAs

is grown than when a small Al content is used. To be consistent, it was assumed,



154

whenever possible, that the p—type barrier doping densities were the same in all
heterostructures grown with a given Al composition in the barrier layers. As
indicated in Table 4.2, a value of 2 X 10'"¢m™2 was taken in samples having
Mg-doped Al 35GagesAs barriers (H943, H945, S009). In structures with pure
AlAs layers, the barrier doping concentration was assumed to be 6 x 107¢m ™3,
except in H283 and H475. For both samples, this value was found to be inconsis-
tent with experimental results, and the AlAs barrier doping level was taken to be
2 x 10'7¢m ™2 only. The second category of samples includes heterostructures fab-
ricated to study our first three-terminal resonant tunneling devices (S008, S031,
S032). These structures are characterized by a low doped GaAs buffer layer
grown between the degenerately doped GaAs electrode adjacent to the substrate
and the first Al;Ga;_,As barrier layer (Barrier No.1). For these samples, the Al
composition and doping density in the quantum barriers, as well as the average
doping level in the back cladding layer listed in Tables 4.1 and 4.2 are estimated
values. These values were taken to be consistent with the peak positions of the
negative differential resistances observed in the experimental I-V characteristics

of the heterostructures.

Section 4.2 presents the theoretical approach by which the energy band dia-
grams of resonant tunneling double barrier heterostructures are calculated and
used to identify the resonances in the quantum well producing the experimen-
tal negative differential resistances. In section 4.3, the validity of the model is
illustrated in the case of samples having direct band gap Al Ga;_;As barrier
layers. In these structures, tunneling occurs unambiguously via resonant states
in the GaAs quantum well bound by the Al,Ga;_,As I'—point potential energy
barriers. In section 4.4, the same approach is applied to GaAs/AlAs double bar-
rier heterostructures. Experimental evidence is shown of resonant tunneling via

quasi-stationary levels in the well confined by the AlAs X—point potential energy
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barriers as well as the AlAs I'-point barriers. Section 4.5 discusses the relative
contributions to the total current of tunneling via resonant I'- and X-states in
the well. These contributions are found to vary from sample to sample. In cer-
tain structures, they also depend upon the sign of the applied bias. Such results
suggest that these contributions should be related primarily to the quality of
the materials and the heterojunction interfaces. The samples of the second kind
(S008, S031, S032) are presented in section 4.6. For these heterostructures, the
peak positions of the negative differential resistances corresponding to a given
quasi-stationary level in the well are observed at very different applied voltages
in forward bias than in reverse bias. This may be used to estimate the degree
of asymmetry in the cladding layer doping densities. Finally, the results of this

study are summarized in section 4.7.

4.2 Theoretical Model

The theoretical approach used to calculate the energy band diagrams of res-
onant tunneling heterostructures is similar to that developed in Chapter 2 for
single barrier tunnel structures. Energy band profiles are obtained by solving
Poisson’s equation in the direction perpendicular to the planes of the layers. A
major approximation is made in that neither the two—dimensional energy sub-
bands in accumulation layers nor the quasi—stationary states in the quantum well
are solved for self-consistently along with the energy band edges. This arises from
the complexity of calculating the proper charge distributions on subband levels

and the difficulty of evaluating the amount of charge localized in the well.
Once the band edges and the voltage drops have been determined in each
layer, the resonant states in the quantum well are found in the quasi-classical

approximation.!® In this approach, the transfer-matrix technique for a general
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potential energy function E,(z) is used to calculate the transmission coefficient
for resonant tunneling through the double barrier heterostructures. The energies
of the quasi-stationary states in the quantum well are then determined implicitly

from the condition for resonance:

*

/abk(:c) dz = arctan(rr’;:f 'Z((Z))) + arctan(Z‘;’ —pkL(%)-) t(n-1)7r, n=12,..

(4.1)

where k(z) = \/ u[E — E,(z)] denotes the electron wave vector in the well;

pi(z) = \/ %’}—[Ep(z) — E) is the attenuation constant in barrier 7; @ and b corre-
spond to the classical turning points in the quantum well at the energy E of the
tunneling electron; and the subscripts [ and r indicate the left and right barriers,
respectively.

When the barrier layers are made of direct band gap alloys, the resonances in
the GaAs well are determined by the Al,Ga;_,As I'-point potential energy bar-
riers. However, for large Al compositions (z > 0.40-0.45), Al,Ga;_,As becomes
indirect, and three sets of resonant states may be calculated in the quantum well.
First, these states may be quasi-stationary levels confined by the Al;Ga;_ As
T'-point potential energy barriers. They may be called “quasi-bound I'-states.”
Other quasi—stationary states of interest are those which are confined by the
Al;Ga;_,As X—point potential energy barriers and correspond to the large longi-
tudinal X-point electron mass in Al,Ga;_,As. These levels should be considered
because the breaking of translational symmetry in the direction perpendicular
to the heterojunction interfaces allows Al,Ga;_,As X—point states to couple to
GaAs T-point states.!® The other resonances to consider in the GaAs quan-
tum well are those which are bound by the Al,Ga;_,As X-point potential en-
ergy barriers and correspond to the small transverse X-point effective mass in
Al,Ga;_,As. These levels should be considered if electrons are allowed to scatter

into virtual states beneath the four Al,Ga;_,As X-valleys lying along the k,—
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and k,—directions, parallel to the planes of the interfaces.!®

Once the energy band diagrams and the quasi-stationary levels in the GaAs
well have been calculated using the simple model described above, it becomes
possible to identify the resonances giving rise to the negative differential resis-
tances observed in experimental -V characteristics. This is particularly useful
in studying the nature of the dominant current transport mechanisms taking

place in double barrier heterostructures.

4.3 Resonant Tunneling in Structures with Di-
rect Band Gap Al,Ga;_,As Barrier Layers

The validity of the theoretical approach presented in section 4.2 may be il-
lustrated in the case of structures having direct band gap Al,Ga;_;As barrier
layers. In this instance, the peaks in current obtained in the low voltage regions
of the I-V curves may be attributed without ambiguity to resonant tunneling
via quasi-bound I'-states in the GaAs quantum well.?

Sample S009 is a double barrier heterostructure having Al 35GagesAs quan-
tum barriers. These barriers are 59.5 A thick (21 monolayers), and their p-type
doping concentration is estimated to be 2 x 107¢m=3. The GaAs electrodes are
degenerately doped n—type with Se at 1.2 X 10!8¢m~3. The nominally undoped
GaAs quantum well is 51 A wide (18 monolayers). Fig.4.1 depicts an experi-
mental I-V characteristic at 4.2 K for a circular device, 50 um in diameter. One
negative differential resistance appears in each bias direction. The peak currents
correspond to applied voltages of 4255 mV. The valley currents occur at about
+ 300 mV. The inflections observed in the regions with negative slopes arise from
the difficulty of performing stable curve tracer measurements of negative differ-

ential resistances. For the structures discussed in this study, reverse bias (V, < 0)
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Figure 4.1: Experimental I-V characteristic at 4.2 K for a circular device, 50 um
in diameter, fabricated on a GaAs /Alp.35GagesAs double barrier heterostructure
(sample 5009). The GaAs electrodes are degenerately doped n-type with Se at
1.2 x 10¢m~3. The 59.5 A thick barrier layers are doped p-type with Mg at

2 x 10"¢m~3. The nominally undoped GaAs quantum well is 51 A wide.
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corresponds to a negative voltage applied to the top GaAs electrode with respect
to the substrate. Figs.4.2(a) and (b) show calculated conduction band edges
for the same heterostructure under applied biases of —60 and —255 mV, respec-
tively. In GaAs (Alg35GagesAs), the low temperature band gap is assumed to
be 1.52 eV (1.96 eV), the effective mass is taken to be 0.067 m, (0.096 my,), and
the relative dielectric constant is 13.18 (12.05).2° A valence band discontinuity
of (0.55 x z) eV is assumed at GaAs/Al,Ga;_,As interfaces,?! resulting here in
a conduction band offset of 245 meV. Using these values, two resonant states
are found in the GaAs quantum well in the unbiased structure. Their energies,
measured from the conduction band edge at the middle of the well, are ET =73
meV for the ground state, and EI = 242 meV for the first excited state. These
values are listed in Table 4.3. At low applied voltages, (|V,| < 60 mV), EL re-
mains above the Fermi energy E} in the incident electrode and the current is
very small. As shown in Fig.4.2(a), E] lines up with E} when |V,| = 60 mV. At
this point, resonant tunneling via ET is initiated. This corresponds to the turn—
ons in current observed in Fig.4.1. As |V,| becomes larger, more electrons may
tunnel resonantly via the subband associated with ET, and the current increases
rapidly. Fig.4.2(b) indicates that Ei(z = 0), the conduction band edge in the
incident GaAs electrode at the first heterojunction interface, coincides in energy
with ET when |V,| = 255 mV. At higher applied voltages, E}(z = 0) > ET, and
it becomes impossible for an electron tunneling through the ground state sub-
band to simultaneously conserve energy and the transverse component of its wave
vector. It follows that the tunneling transmission coefficient is reduced and the
current decreases. The results predicted by the energy band diagrams are thus
in excellent agreement with the experimental data shown in Fig.4.1. They are
summarized in Table 4.4. In fact, this agreement is surprisingly good considering

the simplifying assumptions used in calculating the energy band profiles and the
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Figure 4.2: Calculated I'~point conduction band edges, as functions of distance in
the direction perpendicular to heterojunction interfaces, for the same heterostruc-
ture as in Fig.4.1 (sample S009). (a) and (b) correspond to applied biases of —60
and —255 mV, respectively. The Fermi level in the left (right) GaAs electrode
is B} (E7). The conduction band discontinuity at the heterojunction interfaces
is taken to be 245 meV. E] denotes the first resonant state in the quantum well

confined by the Alg35Gag.esAs I'—point potential energy barriers.
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uncertainties within which the band offsets and the barrier doping densities are

known.

The energy band diagrams depicted in Fig.4.2 reveal that the shapes of the
band edges may deviate significantly from those obtained when band bending is
neglected. In particular, an accumulation layer adjacent to the first heterojunc-
tion interface is formed in the incident electrode when the structure is sufficiently
biased. It follows that the number of available incident carriers increases with
|Va|l. Furthermore, if E(z = 0) denotes the barrier conduction band edge at
z = 0, AE.;; = E)(z = 0) — EY, the effective conduction band offset for elec-
trons tunneling near the Fermi energy E}, is a decaying function of |V,|. When
band bending is ignored, the bands remain flat in the cladding layers, AE,;s
is constant, and the number of available incident electrons is independent of
V.. The resonant states in the well, the tunneling transmission coefficients and
the theoretical I-V curves calculated using these two approaches are thus ex-
pected to be different. For example, if band bending is neglected and the entire
applied voltage is assumed to drop linearly across the barriers and well in the
heterostructure illustrated in Figs.4.1 and 4.2, resonant tunneling via ET should
be initiated at about £ 25 mV instead of 460 mV. Similarly, the peaks in current
should occur at approximately + 150 mV, and not at £ 255 mV. This demon-
strates that band bending effects and cladding layer voltage drops are important

in interpreting the experimental results.

The energy band profiles shown in Fig.4.2 indicate further that negative dif-
ferential resistances are obtained when Ei(z = 0), the conduction band edge in
the incident electrode at the first heterojunction interface, coincides in energy
with the quasi-stationary states in the quantum well. In fact, two—dimensional
energy subbands exist in accumulation layers, and the peaks in current should

occur when the resonances in the well line up with the lowest two—dimensional
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subband. However, the GaAs electrodes in the heterostructures studied are usu-
ally heavily doped. Consequently, the accumulation layers are not very large and
the role of subband levels is reduced. Furthermore, as long as the resonances
are not too high in energy, the negative differential resistances are obtained at
reasonably low applied biases, and the accumulation layer in the incident elec-
trode remains small. As a result, the error introduced by neglecting the two—
dimensional subbands which exist near the first heterojunction interface should
not be significant. This is the case in Fig.4.2(b). However, for high energy states
in the well, this error is expected to become larger. The fact that the peaks
in current occur when the quasi-stationary levels in the GaAs well coincide in
energy with Ei(z = 0) may also be due to band tailing effects in the degen-
erately doped electrodes. These effects are difficult to evaluate quantitatively.
Nevertheless, because electronic states exist in the cladding layers right below
the conduction band edges, the peaks in current may actually occur when these
states line up with the resonances in the quantum well. Band tailing effects may
also be related to the widths of the negative differential resistances observed in

the I-V characteristics.

Other heterostructures having direct band gap Al,Ga;_,As barrier layers have
been studied using the same approach. They are briefly discussed below. Sample
489 was fabricated by MBE with nominally undoped quantum barriers and well.
The GaAs electrodes are degenerately doped n—type with Si at 1x 108¢m=3. The
GaAs quantum well and Alg 35Gage5As barrier layers were grown to be approx-
imately 50 and 80 A thick, respectively. However, no TEM measurements were
performed on this sample, and energy band diagram calculations actually predict
that the GaAs quantum well should be narrower than 50 A. Fig.4.3 depicts an
experimental I-V curve at 4.2 K for a circular device, 50 pm in diameter. One

negative differential resistance is obtained in each bias direction. Since the I-V
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Figure 4.3: Experimental I-V characteristic at 4.2 K for a circular de-
vice, 50 pum in diameter, fabricated on sample 489. 489 is an MBE grown
GaAs/Aly35GagesAs double barrier heterostructure. The GaAs electrodes are
degenerately doped n—type with Si at 1 x 10%¢m=3, The GaAs quantum well

and the 79 A thick barrier layers are nominally undoped.
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characteristic is symmetric with respect to the origin, the structure itself must be
symmetric. The I-V curve reveals that resonant tunneling is initiated at about
4+ 75 mV and turns off at + 260 mV. If the GaAs well is assumed to be 48 A wide
(17 monolayers), one quasi-bound I'-state is found in the unbiased structure, 77
meV above the bottom of the well. However, energy band diagram calculations
indicate that in order to obtain turn—on voltages of + 75 mV and turns—off volt-
ages of £260 mV in the I-V characteristics, the corresponding resonant level
should lie about 90 meV above the bottom of the well in the unbiased structure.
If the well is taken to be 42.5 A wide (15 monolayers), ET = 89 meV, and the
energy band profile illustrated in Fig.4.4(a) reveals that ET lines up with E’f
precisely when V, = —75 mV. Similarly, Fig.4.4(b) shows that ET coincides in
energy with El(z = 0) when V, = —260 mV. These results, which are summa-
rized in Tables 4.3 and 4.4, thus indicate that the GaAs quantum well must be
narrower than expected from the growth parameters. They also suggest that
the well thicknesses of resonant tunneling double barrier heterostructures may
be determined from the experimental I-V data and the energy band diagrams

of the structures.

Sample H943 is an MOCVD grown heterostructure in which the GaAs elec-
trodes are degenerately doped n—type with Se at about 1 x 108¢m=2. The
p-type doping concentration in the Aly3sGagesAs barrier layers is taken to be
2 X 10"¢m 3. The barriers are 59.5-62 A thick (21-22 monolayers). The nomi-
nally undoped GaAs quantum well is 31-36.5 A wide (11-13 monolayers). These
fluctuations in layer thicknesses cause the experimental -V characteristics to be
non uniform. In fact, a number of I-V curves display sequences of negative dif-
ferential resistances in each bias direction. This indicates that the corresponding

devices include areas of the sample characterized by different barrier and well
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thicknesses. However, a number of small devices feature uniform and symmetric
I-V curves. This is the case in Fig.4.5. As indicated in Table 4.3, if the GaAs
well is taken to be 34 A wide (12 monolayers), only one quasi-bound I'-state is
found, 110 meV above the bottom of the well in the unbiased structure. The
energy band profiles depicted in Fig.4.6 show that ET then lines up with E}
and E!(z = 0) when V, = £150 and V, = +420 mV, respectively. These values
agree with the turn—on and turn-off voltages of resonant tunneling observed in

Fig.4.5.

Sample H945 is similar to H943. Its parameters are listed in Tables 4.1 and
4.2. In this structure, the barrier thicknesses range between 51 and 59.5 A (18-21
monolayers), and the width of the GaAs quantum well varies between 25.5 and
28.5 A (9-10 monolayers). As in H943, these fluctuations result in non—uniform
experimental I-V characteristics. However, Fig.4.7 depicts a symmetric I-
V curve at 4.2 K for a circular device, 50 um in diameter. The energy band
diagrams displayed in Fig.4.8 correspond to a 25.5 A wide GaAs well. They
indicate that resonant tunneling via ET is initiated when V, = +170 mV, and
that peaks in current are expected in the I-V characteristics at - 550 mV. These
results agree with the experimental data shown in Fig.4.7. They are summarized

in Table 4.4.

It may be concluded from the above discussions that good agreement may
be found between the experimental I-V curves and the quasi-bound I'-states in
the well provided that the energy band profiles of the heterostructures are used.
This confirms the importance of taking into account the voltage drops in all the
layers and the actual shapes of the band edges. Energy band diagrams should
thus be essential in interpreting the experimental results obtained from samples

having indirect band gap Al,Ga;_,As barrier layers, and in which the tunnel-
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Figure 4.5: Experimental I-V characteristic at 4.2 K for a circular device,
50 um in diameter, fabricated on sample H943. H943 is an MOCVD grown
GaAs/Aly35GagesAs double barrier heterostructure. The GaAs electrodes are
degenerately doped n-type with Se at 1 x 10%¢m=3. The barrier layers are
59.5-62 A thick. They are doped p-type with Mg at 2 x 10'7¢m 3. The nomi-
nally undoped GaAs quantum well is 31-36.5 A wide.
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Figure 4.7: Experimental I-V characteristic at 4.2 K for a circular device,
50 pm in diameter, fabricated on sample H945. H945 is an MOCVD grown
GaAs/Alp35GagesAs double barrier heterostructure. The GaAs electrodes are
degenerately doped n-type with Se at 1.3 x 10!%¢m=3. The barrier layers are
51-59.5 A thick. They are doped p-type with Mg at 2 x 10'7¢m 3. The nomi-

nally undoped GaAs quantum well is 25.5-28.5 A wide.
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ing mechanisms are more complex than in structures with direct Al,Ga;_,As

quantum barriers.

4.4 Resonant Tunneling in Structures with In-

direct Band Gap Al,Ga;_,As Barrier Layers

This section shows experimental evidence of resonant tunneling via quasi-
stationary X-point states in GaAs/AlAs double barrier heterostructures grown
epitaxially in the [100]-direction. As before, the quantum well resonant energy
levels giving rise to the negative differential resistances observed in the experi-
mental -V characteristics are identified by calculating the energy band profiles
of the structures. These resonant energy levels correspond to states confined
in the GaAs well not only by the AlAs I'-point potential energy barriers but
also by the AlAs X-point barriers. The quasi-bound X-states are associated
with the large longitudinal effective mass in AlAs corresponding to the direction
perpendicular to the heterojunction interfaces.

In sample H927, the doping densities in the GaAs electrodes are slightly
asymmetric: 1.5 X 10*¥c¢m ™2 in the top cladding layer and 1.3 x 108¢m =3 in the
electrode adjacent to the substrate. The nominally undoped GaAs well is 45 A
wide (16 monolayers). The p-type doping concentration in the AlAs layers is
estimated to be 6 x 10'7¢m™3. The AlAs barrier closer to the substrate is 71 A
thick (25 monolayers). The other barrier is 85 A thick (30 monolayers). This
asymmetry in barrier thicknesses should cause a given resonance in the well to
be manifested at a larger applied voltage in forward bias than in reverse bias
(IVF] > |VE|). Fig.4.9 shows an experimental I-V characteristic at 4.2 K for
a circular device, 50 ym in diameter. Two weak negative differential resistances

exist in each bias direction. In forward bias, the peak currents occur at Vf' = 240
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Figure 4.9: Experimental I-V characteristic at 4.2 K for a circular device, 50 um
in diameter, fabricated on sample H927. H927 is a GaAs/AlAs double barrier
heterostructure in which the nominally undoped GaAs quantum well is 45 A
wide. The doping densities in the n-type GaAs electrodes are 1.5 x 108¢m™3
in the top cladding layer and 1.3 x 10'%¢m ™3 in the electrode adjacent to the
substrate. The barrier layers are doped p-type with Mg at 6 x 107¢m=3. The
AlAs barrier closer to the substrate is 71 A thick. The other barrier is 85 A
thick.
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mV and Vf = 530 mV. In reverse bias, they take place at V¥ = —200 mV
and V; = —480 mV. The I-V curve also reveals that resonant tunneling is
initiated at approximately + 100 mV. To calculate the resonant states in the
well confined by the AlAs I'~point potential energy barriers, the effective mass
in AlAs is taken to be m} = 0.15m,,%° and the conduction band offsets at the
heterojunction interfaces are assumed to be 1.04 eV.?! Using these values, two
quasi-bound T'-states are found in the unbiased structure, at energies ET = 125
meV and EI = 517 meV above the conduction band edge at the middle of
the well. To obtain the states confined by the AlAs X-point potential energy
barriers, the conduction band offsets are taken to be 0.19 €V.2! When the large
longitudinal X-point electron mass m%, = 1.1mq is used in the barriers, one
quasi-stationary state, EX = 30 meV, is found in the GaAs well. The level
associated with the small transverse electron mass m%, = 0.19m, has an energy
€ = 59 meV from the bottom of the well. Two energy band profiles for the
structure are illustrated in Fig.4.10. They correspond to reverse biases of
—200 and —480 mV, respectively. Both I'- and X-point conduction band edges
are shown in the AlAs barriers. These energy band diagrams may be used to
illustrate three fundamental properties of sample H927: (%) resonant tunneling
via quasi-bound I'-states alone is inconsistent with the experimental I-V data;
(77) energy band profiles are essential to properly account for the voltage drops
in all the layers, and to identify without ambiguity the resonances in the well
producing the negative differential resistances observed experimentally; and (%77
the sample I-V characteristics may be explained by resonant tunneling via E

in addition to ET.

If quasi-bound I'-states alone are considered, the resonances of importance
are ET and EL. These lie 125 and 517 meV above the conduction band edge at the

middle of the well in the unbiased structure. If band bending is neglected and the
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entire applied voltage is assumed to drop linearly across the quantum barriers
and well, the peaks in current corresponding to El should occur in the I-V
curves at about + 250 mV. This could be consistent with the negative differential
resistances observed at —200 and 240 mV in Fig.4.9. However, E} should appear
in the I-V characteristics at voltages |V,| > 1 V. This is in disagreement with
the experimental results. If band bending is taken into account, the cladding
layers sustain part of the applied bias. This reduces the amount of voltage
dropping across the barriers and well. As a result, the disagreement with the
experimental data becomes even larger than when band bending is neglected. It
may thus be concluded that resonant tunneling via quasi-bound I'-states alone
is inconsistent with the sample I-V characteristics. However, the energy band
diagram illustrated in Fig.4.10(b) indicates that in reverse bias, ET lines up with
E!(z = 0) when V, = —480 mV. Similarly, energy band profile calculations reveal
that the peak in current due to ET should occur in forward bias at V, = 530
mV. These values correspond precisely to the negative differential resistances
observed in Fig.4.9 at V,® and V¥, respectively. The peaks in current at V¥ =
—200 mV and Vf = 240 mV should then necessarily correspond to a quasi-
stationary X-state. Fig.4.10(a) reveals that EX coincides in energy with E!(z =
0) when V, = —200 mV. Similarly, the peak in current associated with E;
is anticipated in forward bias at V, = 240 mV. Energy band diagrams also
indicate that resonant tunneling via E¥ should be initiated at —90 and 110 mV in
reverse and forward bias, respectively. These results are in good agreement with
the experimental data. It may thus be concluded that the negative differential
resistances obtained in the I-V characteristics of sample H927 correspond to
E, the quasi-stationary X-state associated with the large longitudinal X—point
effective mass in the AlAs barriers, and ET, the lower quasi-bound I'-state. This

is summarized in Table 4.5. Fig.4.9 reveals further that the two peaks in current
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observed in each bias direction are comparable in size. This indicates that both
resonances are equally important in current transport through sample H927. In
fact, it is shown in section 4.5 that the relative contributions to the total current
of resonant tunneling via quasi-stationary I'- and X-states depend upon the

structures studied.

These concepts are further illustrated on another double barrier heterostruc-
ture with pure AlAs barrier layers. In sample H408, the GaAs electrodes are
doped n—type at 1.75 x 10®¢m~3. The nominally undoped GaAs quantum well
is 62 A wide (22 monolayers). As in H927, the AlAs layers are doped p-type at
6 x 107c¢m 3. The barrier closer to the substrate is 51 A thick (18 monolayers),
whereas the one adjacent to the top electrode is only 42 A thick (15 monolayers).
As a result of this asymmetry, a given resonant state in the well is manifested
at a larger applied voltage in reverse bias than in forward bias (|V.E| > [VF|).
Fig.4.11 shows an experimental -V characteristic at 4.2 K for a circular device,
20 pm in diameter. The I-V curve reveals that the first peaks in current occur
at Vif = 135 mV in forward bias and V¥ = —140 mV in reverse bias. Other
resonances appear at 650 and —750 mV. The temperature dependence of the
device I-V curves may be used to interpret the shapes of the broad negative
differential resistances observed at |V,| < 280 mV. At room temperature, inflec-
tions are visible at about 140 mV. As the temperature, T, is decreased, the
low voltage regions of the I-V curves (|V,| < 140 mV) remain almost identical,
while the background current decays rapidly for larger values of [Va]. As a result,
the negative differential resistances become more pronounced. When T ~ 200
K, two new small peaks appear at about 240 mV, next to the existing peaks
at =140 mV. As T is further reduced, all the peaks become more prominent.
This temperature dependence is illustrated in the insert of Fig.4.11. It should

be mentioned that the -V characteristics of other devices prepared on the same
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Figure 4.11: Experimental I-V characteristic at 4.2 K for a circular device, 20
pm in diameter, fabricated on sample H408. Sample H408 is a GaAs /AlAs double
barrier heterostructure in which the nominally undoped GaAs quantum well is
62 A wide. The GaAs electrodes are doped n-type with Se at 1.75 x 10'%em=3,
The AlAs barrier layers are doped p-type with Mg at 6 x 1017¢m~3. The barrier

closer to the substrate is 51 A thick. The barrier adjacent to the top electrode
is 42 A thick.
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sample do not reveal two such distinct current peaks in each bias direction at
|V.] < 280 mV, but only one broad negative differential resistance region. These
adjacent peaks may thus be due to two resonant states in the quantum well which

are close enough in energy that they are not always resolved in the I-V curves.

The energy band diagrams of the heterostructure and the quasi-stationary
levels in the GaAs well may be calculated as for sample H927. Three quasi-bound
I-states are found, at energies ET = 78 meV, EI = 325 meV and E} = 730
meV, in the unbiased structure. The two resonant X-states corresponding to
the large longitudinal AlAs X-point mass lie at energies EX = 22 meV and
EX = 165 meV above the bottom of the well. The quasi-stationary X-states
associated with the small transverse AlAs X—point mass have energies €f = 42
meV and ef = 176 meV from the conduction band edge at the middle of the
well. These values are summarized in Table 4.3. It could be argued that if
band bending effects are neglected, the experimental results are consistent with
resonant tunneling via the quasi-bound I'-states ET and EI alone. However,
since the AlAs barriers are doped p-type to a significant level, the band edges
actually bend up at zero bias. As a result, the bottom of the well and the resonant
states are raised by about 50 meV with respect to the band edges in the electrode
bulk regions. Furthermore, it has been shown that the cladding layers sustain
significant fractions of the applied voltage. When these two effects are taken
into account, the experimental I-V curves are found to be inconsistent with
resonant tunneling via I'-states alone. Two energy band profiles are illustrated
in Fig.4.12 for sample H408. They correspond to reverse biases of —140 and
—250 mV, respectively. When V, = —140 mV (—250 mV), E (ET) coincides
in energy with E!(z = 0). In forward bias, the same would occur at 135 (240)
mV. Comparing these values to the experimental results depicted in Fig.4.11

suggests that the broad negative differential resistance regions observed in the
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Figure 4.12: Calculated I—point (solid lines) and X-point (dashed lines) con-
duction band edges, for sample H408. (a) and (b) correspond to applied biases
of —140 and —250 mV, respectively. In the GaAs quantum well, ET (solid line)
denotes the first quasi-bound T'-state, and E{f and Eff (dashed lines) are the two
resonant X-states corresponding to the large longitudinal A1As X-point effective

mass in the direction perpendicular to the interfaces.
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I-V characteristics at |V;| < 280 mV arise from tunneling via the two resonant
states EX and ET. Since the difference in energy between both levels is slightly
smaller than the Fermi energy in the bulk electrodes, EX and E} are not always
resolved. Energy band diagrams indicate further that the small current peaks
obtained in Fig.4.11 at —750 and 650 mV are due to resonant tunneling via
EX. It may thus be concluded that the I-V characteristics of sample H408
reveal resonant tunneling via the first quasi-bound I'-state, ET, and the two X~
states Ef and EX, corresponding to the large longitudinal AlAs X-point effective
mass. Energy band profiles also make it possible to predict the voltages at which
tunneling via each of the quasi-bound states in the well may be initiated. Since
EY lies below the Fermi level at zero bias, resonant tunneling via E¥ starts as
soon as a voltage is applied. As a result, the experimental zero-bias resistance is
small and the portions of the I-V curves corresponding to |V,| < 140 mV remain
almost independent of temperature. Resonant tunneling via ET (E5Y) is initiated
when ET (EX) coincides in energy with the Fermi level in the incident electrode.
For both resonances, this occurs approximately when tunneling via the subband
associated with the previous quasi-stationary state in the well turns off. Such
effects would thus contribute in reducing the peak-to-valley current ratios of the

negative differential resistances.

From the above discussions, it may be anticipated that the dominant low
temperature current transport mechanisms in GaAs/Al,Ga;_,As double barrier
heterostructures in which the barrier layers are made of indirect band gap alloys
should be resonant tunneling via quasi-stationary states in the GaAs quantum

well bound by the Al;Ga;_,As I'- and X-point potential energy barriers.
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4.5 Relative Importance of Tunneling via Res-

onant '— and X—states

This section discusses results obtained from three other heterostructures hav-
ing pure AlAs barrier layers (H283, H418, H475). These samples serve to illus-
trate that the relative contributions to the total current of the different mecha-
nisms for tunneling through double barrier heterostructures having indirect band
gap Al,Ga;_,As quantum barriers may greatly vary with the structure studied.

In certain samples, they may also depend upon the sign of the applied bias.

In H283, the doping densities in the GaAs electrodes are slightly asymmetric:
4.5 X 10¥¥cm=3 in the top cladding layer and 4.0 x 10%¢m ™2 in the electrode
adjacent to the substrate. The nominally undoped GaAs well is 90.5 A wide
(32 monolayers). The AlAs barrier closer to the substrate is 56.5 A thick (20
monolayers). The other barrier is 68 A thick (24 monolayers). As a result of the
asymmetry in barrier thicknesses, a given resonance in the well should appear
in the I-V characteristics at a larger applied voltage in forward bias than in
reverse bias (|[VF| > |V.E|). Fig.4.13 shows an experimental I~V curve at 4.2 K
for a circular device, 80 pm in diameter. This curve is very asymmetric. Two
negative differential resistances are obtained in forward bias. The first one, at
VF = 50 mV, is very weak. The second one, much more pronounced, has a
peak in current at V,f = 340 mV. In reverse bias, only one inflection is visible in
the I-V characteristic, at about —150 mV. However, second derivative spectra,
(d*1/dV*)(V), reveal a peak at —45 mV in addition to those corresponding to the
negative differential resistances and inflections observed in the I-V curve. This
peak should arise from tunneling via the same resonant state as that producing
the inflection obtained at V¥ = 50 mV in forward bias. The calculated quasi—

stationary levels in the GaAs quantum well are listed in Table 4.3. Four quasi-
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Figure 4.13: Experimental I-V characteristic at 4.2 K for a circular device, 80
pm in diameter, fabricated on sample H283. H283 is a GaAs /AlAs double barrier
heterostructure in which the nominally undoped GaAs quantum well is 90.5 A
wide. The doping densities in the n-type GaAs electrodes are 4.5 x 108¢m =3
in the top cladding layer and 4.0 x 108¢m=3 in the electrode adjacent to the
substrate. The barrier layers are doped p-type with Mg at 2 x 10'7¢em~3. The

AlAs barrier closer to the substrate is 56.5 A thick. The other barrier is 68 A
thick.
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bound I'-states are found in the unbiased structure, at energies E] = 44 meV,
El = 178 meV, Ef = 406 meV and E] = 724 meV from the conduction band
edge at the middle of the well. Two resonant X-states, EYX = 14 meV and
E$ = 92 meV, correspond to the large longitudinal AlAs X—point effective mass.
The resonances observed at —45 and 50 mV are necessarily due to tunneling via
a low lying resonant state in the well. Since the AlAs barriers are doped p-type
and the band edges bend up at zero bias, the only resonant level consistent with
these values is EX. However, EX lies close enough to Ei(z = 0) at zero bias only
if the AlAs doping concentration is less than 2-3x107¢m 2. The energy band
profiles of the structure are calculated using the parameters listed in Tables 4.1
and 4.2. They reveal that the peaks in current corresponding to Ejf, EI and
EX should occur in reverse bias at —45, —150 and —310 mV, respectively. In
forward bias, they should appear at 50, 160 and 330 mV, respectively. These
results are illustrated in Fig.4.14 for applied biases of 50 and 330 mV. They are
also summarized in Table 4.5. The quasi-stationary levels in the quantum well
via which resonant tunneling occurs may be identified by comparing these values
to the experimental data shown in Fig.4.13. In forward bias, the inflection at
V{F = 50 mV corresponds to E{ and the pronounced peak in current at VFE =340
mV should be associated with E¥X. In reverse bias, resonant tunneling occurs via
E{ and ET, but no evidence is shown of tunneling via E¥. Energy band diagram
calculations also reveal that EY, ET and EX all lie below the Fermi energy at
zero bias. This is because the electrode doping densities are large and the GaAs
well is wide. As a result, resonant tunneling via all three levels occurs as soon as
a voltage is applied to the sample. This explains why some of the resonances are
not visible in the I-V characteristics, and, in particular, why E{ produces weak
inflections only. The most important properties of sample H283 may thus be

summarized as follows. (i) Resonant tunneling via three quasi-stationary levels
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in the well, E¥X, ET and EX, may be observed experimentally. (¢) Resonant
tunneling via quasi-bound X-states is the dominant low temperature current
transport mechanism, at least in forward bias. (#77) Resonant tunneling via I'-
states is also present, but is significantly weaker. (7v) Because the GaAs well
is wide and the electrode doping densities are large, the spacings between the
lowest resonant states in the well are less than the Fermi energies in the cladding
layers. It results that resonant tunneling occurs as soon as a bias is applied,
that E7f produces only weak inflections in the experimental I-V characteristics,
and that the peak—to—valley current ratios of the negative differential resistances
are small. (v) The experimental I-V curves are very asymmetric. In particular,
the absence of regions with negative slopes in reverse bias reveals the presence
of large background currents. Such effects may be related to the quality of the

materials and the heterojunction interfaces.

In sample H418, the GaAs electrodes are doped n-type at 1.5 x 10¥em 3,
The nominally undoped GaAs quantum well is 28.5 A wide (10 monolayers). The
p-type doping density in the AlAs barrier layers is taken to be 6 x 107¢m 3. The
barrier closer to the substrate is 48 A thick (17 monolayers). The barrier adjacent
to the top electrode is 37 A thick (13 monolayers). Due to the asymmetric barrier
thicknesses, a given resonance in the well is expected in the I-V characteristics
at a larger applied voltage in reverse bias than in forward bias (|[VE| > [VF]).
Fig.4.15 shows an experimental I-V characteristic at 4.2 K for a circular device,
20 pm in diameter. The I-V curve reveals one negative differential resistance
region in each bias direction. The peaks in current occur at VE = —1.1 V
in reverse bias and at Vf = 840 mV in forward bias. Resonant tunneling is
initiated at about —400 and 340 mV in reverse and forward bias, respectively.

The resonant energy levels in the GaAs well in the unbiased structure are given in
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Figure 4.15: Experimental I-V characteristic at 4.2 K for a circular device, 20
pm in diameter, fabricated on sample H418. H418 is a GaAs /AlAs double barrier
heterostructure in which the nominally undoped GaAs quantum well is 28.5 A
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Table 4.3. In particular, E{ = 47 meV and ET = 225 meV. Energy band diagram
calculations indicate that resonant tunneling via ET should be initiated at —420
and 350 mV in reverse and forward bias, respectively. Similarly, the peaks in
current corresponding to ET are anticipated at —1.1 V and 830 mV. These results
are illustrated in Figs.4.16(a) and (b) and summarized in Table 4.5. They are
in good agreement with the experimental data depicted in Fig.4.15. It should
be emphasized that, as opposed to sample H283, resonant tunneling via ET is
the dominant low temperature current transport mechanism in sample H418.
Furthermore, no sign of tunneling via X-states is visible in the experimental
I-V curves. This reveals that the relative contributions to the total current of
resonant tunneling via quasi-stationary I'- and X-states in the GaAs well may

greatly vary from sample to sample.

In H475, the doping densities in the GaAs electrodes are 4.7 x 10'7¢m =2 in the
top cladding layer and 5.0 X 107¢m ™2 in the electrode adjacent to the substrate.
The nominally undoped GaAs well is 76.5 A wide (27 monolayers). The AlAs
barrier closer to the substrate is 79 A thick (28 monolayers). The other barrier is
71 A thick (25 monolayers). This asymmetry in barrier thicknesses causes a given
resonant state in the well to appear in the I-V characteristics at a larger applied
voltage in reverse bias than in forward bias. However, this effect is partially
compensated by the asymmetry in the electrode doping concentrations. Fig.4.17
illustrates an experimental I-V characteristic at 4.2 K for a circular device, 80
pm in diameter. Only one negative differential resistance is observed in reverse
bias. The corresponding peak in current occurs at —190 mV. In forward bias,
two regions with negative slopes are obtained, at V;f = 90 mV and VJ = 420
mV, respectively. The fact that the first peak in current appears in forward bias

at an applied voltage as low as 90 mV indicates that the corresponding resonant
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tion band edges, for sample H418. (a) and (b) correspond to applied biases of
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Figure 4.17: Experimental I-V characteristic at 4.2 K for a circular device, 80
pm in diameter, fabricated on sample H475. H475 is a GaAs/AlAs double barrier
heterostructure in which the nominally undoped GaAs quantum well is 76.5 &
wide. The doping densities in the n—-type GaAs electrodes are 4.7 x 10'7¢m=3
in the top cladding layer and 5.0 x 107¢cm™3 in the electrode adjacent to the
substrate. The barrier layers are doped p-type with Mg at 2 x 107¢m~3. The
AlAs barrier closer to the substrate is 79 A thick. The other barrier is 71 A
thick.
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state is close to the bottom of the well and that the p—type doping density in the
AlAs barriers should be relatively small. To be consistent with H283, the barrier
doping concentration is taken to be 2x 10'7¢m~3. The calculated resonant energy
levels in the GaAs quantum well are listed in Table 4.3. In particular, Ef = 17
meV, El = 57 meV and E3f = 120 meV. Energy band diagram calculations
using the structure parameters given in Tables 4.1 and 4.2 reveal that resonant
tunneling via E{¢, Ef and Ef should be initiated in reverse (forward) bias at —40
(35), —110 (100) and —240 (200) mV, respectively. Similarly, the corresponding
peaks in current should occur at —100, —190 and —450 mV in reverse bias,
and at 90, 175 and 420 mV in forward bias. These results are illustrated in
Figs.4.18(a) and (b) for applied biases of 90 and —190 mV, respectively. They
are also summarized in Table 4.5. They indicate that the two negative differential
resistances obtained at V¥ and V¥ in Fig.4.17 correspond to tunneling via the
resonant X-states EX and EX. In reverse bias, the peak in current observed at
—190 mV is consistent with resonant tunneling via ET, but no quasi-bound X-
state is manifested. These results reveal that the relative importance of tunneling
via resonant I'- and X-states not only differs from sample to sample, but may
also depend upon the sign of the applied voltage. Such effects should thus be

related primarily to the quality of the materials and the heterojunction interfaces.

Other samples (H392, H919) studied using the same approach have led to
similar results and conclusions. Their parameters are listed in Tables 4.1 and
4.2. To be consistent with the other heterostructures, the doping densities in the
AlAs barriers are taken to be 6 x 107¢m 3. The experimental results and the
agreement with energy band diagram calculations are given in Tables 4.3 and
4.5. In sample H392, only one peak in current is observed, in reverse bias. It

corresponds to EI. In H919, one negative differential resistance is obtained in



191

N Sample H475: GaAs / AlAs

-4}

£ vV, = 90 mV

N

Q

§’ 1000 | —7 ] T

he)

C

O

0

5

S X EX pe-teeq er

S £ o . 1]
t 1 WEX

T b . T

c 0 T

3
(o) . . . ,

—-100 0 100 200 300

< V. = —190 mV

Q

£

§, 1000 ¢ ——

o T

O

Cc

O

0

6

= X

° [T £ [..X

3 ofEm=s ) M

c r 1 ——==zodE, E'f

8 ‘g-_—.-?‘_:
(b) . . ‘ .

—-100 o] 100 200 300

Distance (A)
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reverse bias and an inflection is visible in forward bias. As indicated in Table
4.5, these are consistent with resonant tunneling via ET.

These observations reveal that current transport is more complex in structures
having indirect Al;Gaj_,As barrier layers than in samples in which the quan-
tum barriers are made of direct band gap alloys. Numerous quasi-stationary
states are then present in the quantum well, causing resonant tunneling to occur
through multiple processes. This produces large background currents and re-
duced peak-to—valley current ratios. This also explains why certain resonances
are not observed in experimental I-V characteristics and that negative differen-
tial resistances are totally absent in some samples. For the resonant states to be
individually resolved, their energy spacing should be larger than the Fermi levels
in the bulk electrodes. This may be achieved by reducing the well width and the
electrode doping densities. However, the contributions to the total current of the
different tunneling mechanisms seem to be much more sensitive to the presence
of defects, impurities and interface states than to the layer thicknesses or doping

concentrations themselves.

4.6 Resonant Tunneling in Asymmetrically Doped

Structures

This section deals with the three samples of the second kind, S008, S031
and S032. These structures are characterized by a low doped GaAs buffer layer
grown before the first Al,Ga;_,As barrier layer (Barrier No.1), on top of the
GaAs electrode adjacent to the substrate. In sample S008, this GaAs electrode
is doped n—type with Se at 2.8 x 1018¢m 3. The GaAs buffer layer, approximately
0.2 pm thick, has an n-type doping density of 2.2 x 107¢m™2. The top GaAs

electrode is degenerately doped n—type at 3.1 x 108¢cm™3. Both Alg35Gage5As
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barrier layers are 110.5 A thick (39 monolayers). The nominally undoped GaAs
quantum well is 65 A wide (23 monolayers). Fig.4.19 depicts an experimental I-
V characteristic at 4.2 K for a circular device, 50 ym in diameter. Two negative
differential resistances are obtained in each bias direction. The first one is very
pronounced, with a peak—to—valley current ratio of 8.5 in reverse bias and 5 in
forward bias. The corresponding peaks in current occur at V;f = —140 mV and
VF = 120 mV. The other negative differential resistances are inflections visible at
VE = —520 mV and V¥ = 120 mV. The doping densities in the GaAs cladding
layers are asymmetric. As a result, the band edges bend in such a way that
resonant tunneling via the subband associated with a given quasi-stationary level
in the well occurs at a lower applied voltage in forward bias than in reverse bias.
If the doping concentrations in the top and back cladding layers were 3.1 x 1018
and 2.2 x 10¢m ™3, respectively, the experimental I-V curves would be very
asymmetric. This is illustrated in the two energy band diagrams depicted in
Fig.4.20. They reveal that resonant tunneling via E] would then produce peaks
in current at 40 mV in forward bias and —230 mV in reverse bias. Equally large
asymmetries in peak positions would be obtained from tunneling via EL. These
results are inconsistent with the experimental I-V characteristics which are only
slightly asymmetric. This suggests that the average doping concentration in the
back GaAs cladding layer is significantly greater than 2.2 x 107¢m ™23, and not
very different from the electron density in the top electrode. This occurs because
the low doped GaAs buffer layer is much thinner (= 0.2 um) than the adjacent
degenerate GaAs electrode (2-3 pum). As indicated in Table 4.2, the average
doping level in the back GaAs cladding layer is taken to be 2.5 x 108c¢m~3.
Furthermore, although the barrier layers were intentionally doped p-type, energy
band diagrams are consistent with the experimental I-V data only if the barriers

are assumed to be practically undoped. Two energy band profiles calculated with
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Figure 4.19: Experimental I-V characteristic at 4.2 K for a circular device,
50 pm in diameter, fabricated on sample S008. S008 is a GaAs/Aly35GagesAs
double barrier heterostructure having a low doped GaAs buffer layer between
the first Alo,35Gag.esAs barrier and the GaAs electrode adjacent to the substrate.
This GaAs electrode is degenerately doped n-type with Se at 2.8 x 10'8¢m 3.
The buffer layer, approximately 0.2 um thick, has an n-type doping density of
2.2 X 10'¢m~3. The barriers are 110.5 A thick. The GaAs quantum well is 65
A wide. The top GaAs electrode is doped at 3.1 x 10'8¢m-3.
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Figure 4.20: Calculated I'-point conduction band edges for sample S008, as-
suming that the average doping density in the back GaAs cladding layer is
2.2 x 10e¢m™3. The barriers and the well are assumed to be undoped. (a)
and (b) correspond to applied biases of 40 and —230 mV, respectively. They

illustrate the turn-offs of resonant tunneling via E] in forward and reverse bias.
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these values are depicted in Figs.4.21 (a) and (b). They correspond to applied
biases of —140 and —185 mV, respectively. Fig.4.21(a) illustrates the turn—off of
resonant tunneling via ET (ET lines up with E!(z = 0)). Fig.4.21(b) shows the
turn—on of resonant tunneling via ET (E} coincides in energy with E%). These
results, summarized in Table 4.6, are in good agreement with the experimental
I-V characteristics. It may thus be concluded that structures grown with a thin
and low doped GaAs buffer layer adjacent to a thick and heavily doped GaAs
electrode behave as if they had a uniformly doped back GaAs cladding layer. The
average doping density in this layer decreases as the GaAs buffer layer is made
thicker and/or more lightly doped. This was verified on a number of samples
grown with doping levels as low as 2 x 10%¢m =3 in buffer layers as thick as 2 ym.

As expected, the I-V characteristics of these structures were very asymmetric.

Samples S031 and S032 are characterized by larger Al contents in the barrier
layers than the other GaAs/Al,Ga;_,As heterostructures. In S031, the electron
density in the top GaAs electrode is 3.0 x 10¥¢m~3. The GaAs buffer layer,
approximately 0.4 pm thick, is doped n-type at 1.8 x 107em 3. As a result, the
experimental I-V curves are anticipated to be more asymmetric than in sam-
ple S008. This is revealed in Fig.4.22. The I-V curve features two negative
differential resistances in each bias direction. It also shows that resonant tunnel-
ing via the first quasi—stationary level in the well occurs as soon as a voltage is
applied. The corresponding peaks in current are obtained at V;f = —90 mV in
reverse bias and V' = 15 mV in forward bias. The other negative differential
resistances appear at V;f = —190 mV and V} = 110 mV. If the resonant energy
levels in the GaAs quantum well are calculated using the structure parameters
listed in Tables 4.1 and 4.2, but under the assumption that the barrier layers

are made of Alg35GagesAs, two ['—states are found in the unbiased structure, at
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Figure 4.21: Calculated I'-point conduction band edges for sample S008, as-
suming that the average doping density in the back GaAs cladding layer is
2.5 x 10®cm™3. The barriers and the well are assumed to be undoped. (a)
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Figure 4.22: Experimental I-V characteristic at 4.2 K for a circular device, 50
pm in diameter, fabricated on sample S031. In sample S031, the 0.4 um thick
GaAs buffer layer is doped n-type at 1.8 x 107em=3. The doping density in the
top GaAs electrode is 3.0 x 10'8cm=3. The barrier layer closer to the substrate
is 116 A thick. The other barrier is 124.5 A thick. The GaAs quantum well is
68 A wide.
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energies ET = 52 meV and E] = 193 meV. Both levels are too high in energy
to produce the negative differential resistances observed in Fig.4.22. In fact, the
experimental I-V data may only be explained by assuming that the barrier lay-
ers are made of indirect Al,Ga;._,As alloys. Then, low lying quasi-stationary
X-states exist in the quantum well. Furthermore, the higher I'-point potential
energy barriers cause the resonant I'-states in the well to rise in energy. If the Al
content in the barrier layers is as large as 0.75, the resonant states confined by
the Alg.75Gag.25As I'—point potential energy barriers may be calculated using an
effective mass m} = 0.13 mg in the barriers,?? and a conduction band offset at the
heterojunction interfaces of 625 meV.?! Three quasi-bound I'-states may then
be found in the unbiased structure, at energies Ef = 63 meV, EI = 256 meV
and Ef = 562 meV from the conduction band edge at the middle of the well.
To obtain the levels bound by the Aly 75Gag 25As X—point potential energy barri-
ers, the conduction band discontinuity at the interfaces is taken to be 238 meV.
When the large longitudinal Aly 75Gag 25As X—point electron mass my, = 1.15my
is used, two quasi-stationary X-states, EX = 21 meV and E¥ = 151 meV, are
found in the well. These values are listed in Table 4.3. As indicated in Table
4.6, good agreement may then be obtained between the calculated energy band
diagrams and the experimental I-V curves. Figs.4.23(a) and (b) show the con-
duction band edges of the structure under applied biases of 15 and 110 mV. They
reveal that these voltages correspond to the turn—offs of resonant tunneling via
E{ and ET, respectively. In reverse bias, peaks in current are anticipated at —90
and —190 mV. These are precisely the voltages at which the negative differential
resistances are observed in Fig.4.22. These results suggest that the tunnel bar-
riers are made of indirect Al,Ga;_,As alloys, and that the two peaks in current
obtained in the experimental I-V characteristics in each bias direction arise from

tunneling via the quasi-stationary levels E;¥ and ET in the well.
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These concepts may be confirmed by studying sample S032. In this het-
erostructure, the electron density in the top GaAs electrode is 1.5 x 108ecm™3.
The GaAs buffer layer, about 0.2 um thick, is doped n-type at 2 x 10'7e¢m 3. The
experimental I-V characteristics are thus expected to be more symmetric than
in S031. As indicated in Table 4.2, the average doping density in the back GaAs
cladding layer is taken to be 1.2 x 10®cm 3. Fig.4.24 shows an experimental
I-V curve at 4.2 K for a circular device, 50 ym in diameter. As in S031, two
negative differential resistances are observed in each bias direction, and resonant
tunneling occurs as soon as a voltage is applied to the structure. This indicates
that the lowest resonant state is close to the bottom of the well. The first peaks
in current occur at Vi = —45 mV in reverse bias and Vf = 30 mV in forward
bias. The other peaks are obtained at V.2 = —340 mV and Vf = 275 mV. In
this heterostructure, the GaAs well is 45 A wide. Consequently, only one quasi-
bound level, Ef = 83 meV, would exist in the well if the barrier layers were
made of Alg35GagesAs. This is even more inconsistent with the experimental
results than in the case of sample S031. However, if the barriers are assumed to
be undoped and made of Alg 75Gag 2545, the lowest energy levels in the quantum
well are EX = 32 meV and ET = 112 meV. The two energy band profiles shown
in Figs.4.25(a) and (b) correspond to applied biases of 70 and 270 mV, respec-
tively. They illustrate the turn-on and turn—off of resonant tunneling via ET in
forward bias. Other results obtained from energy band diagram calculations are
given in Table 4.6. They are in reasonably good agreement with the experimental
I-V data. As in sample S031, they confirm that the tunnel barriers are made
of indirect Al,Ga;_,As alloys, and that the two negative differential resistances
observed in the I-V curves in each bias direction are consistent with resonant

tunneling via E and ET.
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Figure 4.24: Experimental I-V characteristic at 4.2 K for a circular device, 50
pm in diameter, fabricated on sample S032. In sample S032, the 0.2 um thick
GaAs buffer layer is doped n-type at 2 x 10"¢m=3. The doping density in the
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4.7 Summary

This chapter presented a study of resonant tunneling in GaAs/Al,Ga;_,As
double barrier heterostructures grown epitaxially in the [100]-direction. The
objective of this study was to identify the resonant energy levels in the GaAs
quantum well which produce the negative differential resistances observed in
experimental I-V characteristics. This was achieved by comparing the experi-
mental I-V data to results anticipated from the calculated energy band diagrams
of the structures. This provided useful information, not only about the nature of
the dominant tunneling processes occurring in double barrier heterostructures,
but also about their relative contributions to the total current. The main results
of this study may be summarized as follows. (z) Energy band diagrams give the
actual shapes of the potential energy barriers through which the charge carri-
ers tunnel. These shapes may differ significantly from those based on the usual
assumption that the entire applied voltage drops linearly across the quantum
barriers and well. (i1) Taking into account band bending effects and the frac-
tions of the applied bias sustained by the cladding layers is critical for obtaining
good agreement between the positions of the quasi-stationary levels in the GaAs
quantum well and the peaks in current observed in the experimental I-V curves.
(777) In samples having direct band gap Al,Ga;_,As tunnel barriers, the neg-
ative differential resistances arise from resonant tunneling via quasi-stationary
states in the well bound by the Al,Ga;_,As I'-point potential energy barriers.
(17v) When the barrier layers are made of pure AlAs, tunneling via resonant I'-
states alone is often inconsistent with the I-V characteristics of the samples.
However, the experimental I-V data can usually be explained by tunneling via
energy levels confined in the well by the AlAs X-point potential energy barriers
in addition to resonant tunneling via states bound by the AlAs I'-point barri-

ers. Furthermore, the quasi-stationary X-states are found to be associated with
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the large longitudinal X—point electron mass in AlAs, and not with the small
transverse effective mass. This reveals that tunneling through the indirect AlAs
band gap arises primarily from the breaking of translational symmetry in the
direction perpendicular to the heterojunction interfaces. This causes electronic
states having ['-symmetry in GaAs and X-symmetry in AlAs to mix. (v) The
relative contributions to the total current of tunneling via I'- and X-resonant
states in the quantum well are found to vary from sample to sample. In some
heterostructures, they also depend upon the sign of the applied bias. Such ef-
fects should thus be related to the quality of the materials and the heterojunction
interfaces rather than to the layer thicknesses or doping densities. In addition,
the multiple current transport mechanisms occurring in GaAs/AlAs resonant
tunneling heterostructures are consistent with the small peak—to—valley current
ratios usually obtained from these structures. (vi) These results suggest that low
temperature current transport in double barrier heterostructures having indirect
band gap Al,Ga;_,As barrier layers should be dominated by resonant tunneling
via quasi-stationary I'- and X-states. For these structures as well, energy band
diagrams should be essential to correlate without ambiguity the experimental
negative differential resistances with the resonant states in the GaAs quantum
well. Energy band profiles should thus be important in theoretical I-V curve
calculations. They may also provide useful information about certain structure
parameters which are difficult to determine accurately, such as doping densities
and Al compositions in the quantum barriers. (vit) Resonant tunneling has also
been investigated in double barrier heterostructures in which a low doped GaAs
buffer layer is grown between the degenerately doped GaAs electrode adjacent to
the substrate and the first Al,Ga;_,As quantum barrier. As long as the buffer
layer is thin compared to the GaAs electrode on top of which it is grown, the

structure behaves as if it had a uniformly doped back GaAs cladding layer. The
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average doping density in this layer decreases as the GaAs buffer layer is made
thicker and/or more lightly doped. In these samples, the negative differential
resistances corresponding to a given resonant state in the quantum well may be
observed in the experimental I-V characteristics at very different applied volt-
ages in reverse bias than in forward bias. This may be used to determine the
degree of asymmetry between the doping density in the top GaAs electrode and

the average doping level in the back cladding layer.



207

— 8¥¥ (41 - 44 - 59 g 2e0s

295 993 €9 ST 14 LLY o¥ 89 160S
— 202 7S — — — — 59 800S
— Z¥e ) — — — — IS 6008
— — 681 — — — — 66z SF6H
— — 011 — — — — 123 $¥6H
— LTS qz1 — 0g — 69 g¥ L26H
— 1) P81 — ov — LL ¥s 616H
geg 92 L8 031 L (431 gs q'9L SL¥H
— 868 42z — Ly — 06 4'82 8TPH
0sL 528 8L g1 (44 oLt (42 29 80FH
876 334 S0t — 9% — 28 18 26SH
90% 8LT 144 26 14 1441 9z 406 $8ZH
— — 68 — — — — 9'zTp 68%

(aew) S (aew) §7 (Aew) Jg (Aew) 7 (Aw) yg (Acw)  (Acw) o () s
§97935— ] ("Xw rewipnyBuoy) : sagwig-x ('Xws ssroasuvyy) : saguig-Y M adureg

“2INJONIJS PIseIqUN Y3} UT [[2M Y3 JO J[PPIW dY3 J% 28pa purq UOIJINPUOD Y WOIJ P[RR ‘[[aM SYRY) dY) UT §31R}S JURUOSAY 1§ 7 9[qC,



208

32 g1 1A 09 14 09 I
nd—m thdEOuH

0S 91 gez— 09— §5Z— 09— Ay
:se1q 951940y 600S
06 AL A 0SS 01 0SS oLT 7
nwdmm ﬂ.udEO.m
08 1 0Sg— 091— 0S8— oLI— A
ndnm v20>v.~m mvwm
06 92 0z¥ 1j21 oz¥ 0T Ay
g premiog
06 A 0zh— ovT— oz¥— 0ST~— R4
selg 981940y SF6H
08 3 4 092 <L 092 L R}
:sv1g premiog
08 gy 09Z— SL— 09%— SL— 1T
01 98IIAY 68%
(Auwr) (Awm) (Aw) (Aw) (Aw)
YIPTAA (c12%) a3wvy[op a8wqoA adugjop aluj[oA
HAN (°r/%r)  po-umy, uo-umny, jo-umj, uo-umy,
:§9nsay [ryudwiradxy :suoreno[e)) ureidey(q pueg A3zuy DURUOEIY spdureg

sIaA®] Ja1Lreq sy 99°0enIS°O[y YIIM SAIMPNIG

“SO1JSLIRIORIRYD A7 [RpuawiIadxa AY) UT §30URYSIST [RIFUAIIYIP 2A13REoU Suronpouad [om wmjuvnb syvy) ayy UI s99v3s JUvUOSIY T O[qe],



209

ov S 124 9 124 gg1 Ia
— uorjoagul 099 0¥z ~ 059 1] 74 P
o 9T gsT 0 91 0 »d
ﬂcam @kdEOr.H
o 0¥ 052— 0pT— & 082— ovI— R}
— uoyjoagul 0SL— 092— & 0SL— 08Z— <q
1} A4 opI— 0 145 0 xq
mdnm Ouhv>0.~m wcvm
— — — — o018 0z1 7
mdum mvthO .mm
09 VI 09¥— (120 oL¥— 0S1— IT
nd~m Om.nw>oﬁ Namm
— — — — 091 0 IT
qg ST 1124 0 (1134 0 q
— uolIguUl 0$ 0 0 0 i
nﬂ—m mvthO r.m
— uordIFUL 01— 0 0ST— 0 Ia
— — — — 01— 0 4
- (A)(zop/Ip) m gp— 0 Sp— 0 <
uwdmm, Dn.—v>v.m anm
(Aw) (Aw) (Aw) (Au) (Aw)
YIPTAA Grew) adugop aBujoA a8uj[oA a8uej[op
HaN (*1/°r) jo-umj, uo-umg, po-umj, uo-uamJ,
sy[usay 1¢=oEm.~omx@ isuoIIRINI[R) ureadei(] pusvg A3xouyg aouUvUOsIY o—aEdm

8I2£%[ JALLIRG SY[V YIIM 83IRIONIIG

*$O1STIAJ0RIRYD A—] [RjudwILIadxa Y} Ul §30URISISAT [R1JUIYIp 2a13edou Suronpoad [[am wnjuenb syey) Y} UI §33RyS JURUOSIY GF QR



210

— uorjag UL 08$ 008 ~ 0sS 0z¢ I
5¢ 91 (1] 24 00T (1) 24 o011 xd
:gRlg pIvAMIo]
— uorjoagul 08%— 09z— & 08¥— 082— la
1} 7 61 00Z— 06— 00%— 06— i
sl 98I2ARY LZ6H
— uorpRRpUl 0SL 05z & o¥L 008 ki
igelg pIeadoq
06 81 088— 082— = 0L8— 08s— 1T
1SRIE 98140y 616H
— — — — SLT 001 Ric§
— HOIIOIPUY ozy 007 = V1A% 022 <q
0§ 17 06 s 06 g P
.mdﬁm @:Eo@
o1 ¥l 061— — 061— or1— A
— — — — 0SF— ovZ- <q
— — — ov— 00T— ov— xd
wwR1g] 951343Y SLVH
oL 71 078 1} 24 0gs 0s$ T
1SRIg] pIemiog
oL 3 | 00T1I— 007 — 0011~ (174 2t Ia
iselg] 9813A9Y 8TVH
(Aw) (Aw) (Aw) (Aw) (Aw)
Pt Grey) a8uq[op aduq[op aduq[op CELTVCTY
AN (°r/°) Jo-uamj, uo-umj, po-umg, uo-uany,
:suorpepnae) wedeiq pueq A31ouy 2ouUBUOSaY spdureg

:89[nsdYy [ejuswrzadxy




211

— UOT)29 Ul SLT 0L = 0LZ 0L mﬂ

1} 2 0% 08 0 147 0 ~q
uwdmm mv.ndEO g
—_ uoroagul ops— 06— =~ ors— 06— m@
or $% 1 d 0 09— 0 a
18RI 98IAY 2£0S
—_ uoIjIIguL (1] 81 0 o1t 0 ,m.ﬂ
s1 02 ST 0 ST 0 xd
:sR1g pIRMIO]
_— O} UL 061— 0 061 0 i
ST LT 06— 0 06— 0 x4
:6RIg 98I0AdY 108
—_ uoryos Ul 08¥ 081 = S8¥ 08T Sa
007 0'g 021 0 0z1 0 A}
:5RIg pIeMIo]
—_ UoIIAPUT 08— G8Y— R 0zs— S8~ .mn.m
00T a8 oFI— 0 opT— 0 X
:sRl 98I9AY 800S
(Aw) (Aw) (Aw) (Aw) (Aw)
TIPTA (Mz%) aduegop adugrop adujop adugpop
HaN (°r/ ) po-uing, uo-uwnf, Jjo-uing, uo-uIny,
:sy[usey rejuawradxy :suorje[no[e) weadey(q puvg A31ouy 20URUOSIY ajdureg

souIRq sYZF—Ten [y 151f 9Y) puv SpoIjd[d §YRY) Yrq 3Y) UAMIaq JoLv] JPnq SV © Y4 s2InONNG

“§O1SII9YORIRYD 4] [JUsWLIadXd 3Y} UT §30URISISHI [R1JuLIePIp 2a1judou Burdnpoud [[2M wnjuenb syvy ay3 Ul sa9998 JuUTUOSIY PF 2[qCL,



212

References

1. R. Tsu, and L. Esaki, Appl. Phys. Lett. 22, 562 (1973).
2. L. L. Chang, L. Esaki, and R. Tsu, Appl. Phys. Lett. 24, 593 (1974).

3. M. O. Vassell, Johnson Lee, and H. F. Lockwood, J. Appl. Phys. 54, 5206
(1983).

4. T. C. L. G. Sollner, W. D. Goodhue, P. E. Tannenwald, C. D. Parker, and
D. D. Peck, Appl. Phys. Lett. 43, 588 (1983).

5. A. R. Bonnefoi, R. T. Collins, T. C. McGill, R. D. Burnham, and F. A.
Ponce, Appl. Phys. Lett. 46, 285 (1985).

6. T.J. Shewchuk, P. C. Chapin, P. D. Coleman, W. Kopp, R. Fischer, and H.
Morkog, Appl. Phys. Lett. 46, 508 (1985).

7. M. A. Reed, “Excited State Resonant Tunneling in GaAs—Al,Ga;_,As Dou-
ble Barrier Heterostructures,” to be published in Superlattices and Microstruc-

tures, (Academic Press).

8. E. E. Mendez, W. I. Wang, B. Ricco, and L. Esaki, Appl. Phys. Lett. 47,
415 (1985).

9. E. E. Mendez, E. Calleja, C. E. T. Gongalves da Silva, L. L. Chang, and W.
I. Wang, to be published in Phys. Rev. B.



10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

213

T. C. L. G. Sollner, P. E. Tannenwald, D. D. Peck, and W. D. Goodhue,
Appl. Phys. Lett. 45, 1319 (1984).

F. Capasso, and R. A. Kiehl, J. Appl. Phys. 58, 1366 (1985).

A. R. Bonnefoi, D. H. Chow, and T. C. McGill, Appl. Phys. Lett. 47, 888
(1985).

A. R. Bonnefoi, T. C. McGill, and R. D. Burnham, IEEE Electr. Dev. Lett.
EDL-6, 636 (1985).

T. K. Woodward, T. C. McGill, and R. D. Burnham, “Experimental Real-

ization of a Resonant Tunneling Transistor,” to be published.

M. A. Reed, Private communication.

G.Y. Wu, A. R. Bonnefoi, and T. C. McGill, “The Role of Barrier Phonons
in the Tunneling I-V Characteristics of Double Barrier Heterostructures,”

to be published.
B. A. Joyce, and C. T. Foxon, Inst. Phys. Conf. Ser. 32, 17 (1977).
B. Ricco, and M. Ya. Azbel, Phys. Rev. B 29, 1970 (1984).

A. R. Bonnefoi, D. H. Chow, T. C. McGill, R. D. Burnham, and F. A. Ponce,
J. Vac. Sci. Technol. B 4, 988 (1986).

H. C. Casey, and M. B. Panish, Heterostructure Lasers. Part A, (Academic
Press, New York, 1978), p.192.

J. Batey, and S. L. Wright, J. Appl. Phys. 59, 200 (1986).



214

Chapter 5

Resonant Tunneling Transistors

5.1 Introduction

Electronic devices based on tunneling are a source of increasing interest. In
particular, resonant tunneling in structures made of two GaAs electrodes sep-
arated by two thin Al;Ga;_,As barriers and a GaAs quantum well have been
extensively studied.!~® Two important properties of these double barrier het-
erostructures are (i) the presence of negative differential resistances in their
current-voltage (I-V) characteristics, and (i7) expected operating frequencies
in the terahertz range.? While it is true that these two-terminal tunnel struc-
tures have a number of potential applications, three-terminal devices would be

preferable in many cases.”

In this chapter, we propose and analyze three-terminal devices based on
resonant tunneling through quantum well and quantum barrier heterostructures.
Although other semiconductors could be used, the devices are presented in the
context of GaAs/Al,Ga;_,As heterojunction technology. Since tunneling is the
main current transport mechanism, these devices should feature the high-speed

capabilities associated with tunnel structures.
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Two types of resonant tunneling transistors are proposed. The first kind
includes devices in which, in order to achieve large emitter—collector current
transfer ratios, the relative positions of the base and collector are interchanged
with respect to the conventional emitter-base—collector sequence. These devices
may thus be called “Inverted Base—Collector Tunnel Transistors.” Two configu-
rations are presented and discussed in section 5.2. In the three—terminal devices
of the second kind, the current through a resonant tunneling double barrier het-
erostructure is modulated by a Schottky barrier gate placed along the path of
the electrons. In fact, these devices can be viewed simply as tunnel structures
integrated with Schottky barrier fleld effect transistors (FET’s). Three config-
urations are proposed and analyzed in section 5.3. Finally, the results of this

chapter are summarized in section 5.4.

5.2 Inverted Base—Collector Tunnel Transistors

Two novel three-terminal devices based on tunneling in quantum well and
quantum barrier heterostructures are proposed and analyzed theoretically. In
both devices, the relative positions of the base and collector are interchanged
from the conventional emitter—base—collector sequence. This provides a means
for obtaining negligible base currents and large current transfer ratios. In both
cases, a base voltage controls the emitter—collector tunneling current by shifting
the resonances in a quantum well. Calculations indicate that significant varia-
tions in the emitter—collector current—-voltage characteristics can be obtained for
reasonable base-emitter voltages. These two devices are called a “Stark Effect

Transistor,” and a “Negative Resistance Stark Effect Transistor,” respectively.

The idea of making three-terminal devices based on tunneling was pioneered
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in 1960 by C. A. Mead.® He proposed a metal-insulator-metal-insulator-metal
hot—electron transistor. A number of devices based on this concept have been
proposed and investigated experimentally.®~12 All of these structures suffer from

very small emitter—collector current transfer ratios due to large base currents.

Recently, Jogai and Wang!? calculated the tunneling current for a conceptual
three-terminal, double-barrier device consisting of alternating layers of GaAs
and Al.Ga,_.As, forming the emitter, base and collector. They proposed a
configuration in which the base contact would be made to the GaAs quantum
well and the two barriers would be independently biased. A highly conductive
base was required so that a potential could be applied to it, but no base current
was allowed to flow. This is a somewhat unphysical and unrealistic assumption.
In addition, varying the collector-base voltage did not produce very significant

changes in the device current-voltage characteristics.

In this section, we propose and analyze two three—terminal devices which we
expect to have reduced base currents and improved device performance. Since
tunneling is the main current transport mechanism, these devices should feature
the high—speed characteristics associated with tunnel structures. They should
also have large emitter—collector current transfer ratios. The key step in achieving
this goal is to interchange the relative positions of the base and collector, thus
locating the latter in the region where current is most likely to flow. Fig.5.1 shows
schematically the first proposed structure, together with its energy band diagram
at equilibrium. The emitter is an n—-type GaAs layer. Doping concentrations on
the order of 5 x 10'-5 x 107¢m =2 should provide sufficient tunneling currents
and, at the same time, allow resonant tunneling effects to be observed at room
temperature.® The emitter is followed by a thin undoped Al;, Gaj_, As tunneling
barrier and a lightly doped n—type quantum well. The collector contact is made to

the well. Alloys which give shallow and abrupt ohmic contacts, such as Au/Ge-
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Figure 5.1: Schematic diagrams (not to scale) of: (a) a cross section of the pro-
posed “Stark Effect Transistor” (SET); (b) the conduction band edge at equilib-

rium as a function of position in the x-direction (perpendicular to the layers).
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Ag-Au or Au/Ge-Au-WSi for example, should be used. The next layer is a
lightly doped Al,,Gaj_,,As barrier, sufficiently thick to prevent electrons from
tunneling through it. In addition, an alloy with large Al composition is desirable
to minimize thermionic emission over the barrier. Finally, a heavily doped n-type

GaAs substrate serves as the base electrode.

The principle of operation of the proposed device is described below. First,
let us consider the case in which no base voltage is applied. When the collector is
biased positively with respect to the emitter, electrons near the Fermi level in the
emitter tunnel through the thin Al,;, Ga;_,, As barrier into the collector. As long
as the emitter Fermi level remains below the first subband in the well, a negligi-
ble tunneling current is expected. When the bias voltage is such that the emitter
Fermi level reaches the first subband, the current is significantly increased. The
current-voltage (I-V) characteristics should thus feature enhancements corre-
sponding to the alignment of the emitter Fermi level with each resonance in the
well. If a potential difference, Vg, is now applied between the base and emitter,
an electric field perpendicular to the layers is created. The field will modify the
positions of the subbands in the well with respect to the emitter Fermi level and
thus modulate the tunneling current. The field will penetrate into the quantum
well region for the following reasons: (z) the barriers and well are lightly doped;
(77) the Al;,Ga;_,,As barrier is not thick enough to drop all of the base—emitter
voltage; (717) the device geometry is such that the collector contact does not

completely shield the emitter from the base.

Theoretical I-V characteristics for the device are shown in Fig.5.2.1* These
curves were calculated using Bardeen’s many-particle tunneling formalism.!® In
this approach, which starts from Fermi’s Golden Rule, the density of final states,
ps, appears explicitly in the calculation. In the present case, py is simply a sum of

step functions since each resonance in the well is the bottom of a two—dimensional
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Figure 5.2: Calculated current-voltage characteristics for the “Stark Effect Tran-
sistor” (SET). The barriers are pure AlAs, 50 and 1000 A thick, respectively. The
well is a 50 A thick GaAs layer. The conduction band offset is taken to be 0.96
eV.
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energy band. The matrix element was calculated by using WKB wave functions
in the barrier region. A two-band model, E.ﬁ theory calculation was used to
obtain the complex band structure in the barrier. The calculated curves display
the substantial variations of the emitter—collector I-V characteristics which may
be obtained by modulating V. Base—emitter voltages much higher than those
needed to produce significant transistor action can be applied without producing
avalanche breakdowns. If Vgg is negative, the levels in the well are shifted
upwards and a small negative current might flow to the emitter when Vg, the
collector—emitter voltage, is small. This is an additional incentive to make the

well and the Al;,Ga;—,, As barrier lightly doped.

The main advantage of this configuration is a negligible base current and
thus a large current transfer ratio. Because the quasi-stationary states in the
well are modulated by an electric field to produce transistor I-V characteristics,

the proposed device could be called a “Stark Effect Transistor” (SET).

The transistor I-V curves described above can be modified and enhanced by
adding a potential step in the GaAs well constituting the collector. The step
can be a thin Al,Ga;_.As layer with an Al composition smaller than that of the
barriers. Its main effect is to modify the relative positions of the resonant states in
the well. The structure can now be designed to obtain a certain energy spectrum
or to produce given shifts of some of the subbands. This makes it possible to

optimize device performance according to the requirements or applications.

To further illustrate the concept of subband modulation by means of an elec-
tric field applied from a controlling electrode, another device configuration is
proposed. It is characterized by a resonant tunneling double barrier heterostruc-
ture. Such a device structure is shown schematically in Fig.5.3, together with its
energy band diagram at equilibrium. This device operates on the same principle

as the “Stark Effect Transistor.” The values of the fields and the shifts of the lev-
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Figure 5.3: Schematic diagrams (not to scale) of: (a) a cross section of the
proposed “Negative Resistance Stark Effect Transistor” (NERSET); (b) the con-
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(perpendicular to the layers).



222

els resulting from the base—emitter modulating voltage were estimated to be on
the same order of magnitude as before. However, in this case, no contact needs
to be made to the quantum well. The essential feature of this device configu-
ration is the presence, in the emitter—collector I-V characteristics, of negative
differential resistances controlled by the base—emitter voltage.

Theoretical I-V characteristics for the device are shown in Fig.5.4. The
approach of Vassell et al.'® was used to calculate the tunneling current through
the double barrier heterostructure separating the collector from the emitter. This
device, which could be called a “Negative Resistance Stark Effect Transistor”
(NERSET), offers several advantages over any double barrier configuration in
which the base is located in the quantum well: (7) easier fabrication; (i7) no
base current, and thus larger current transfer ratios; (i7z) undoped well; (7v) no
transverse electric fields in the well which destroy the coherence of wave functions
across the entire double barrier structure. These last two conditions are essential

for optimum resonant tunneling.

5.3 Resonant Tunneling Transistors with Con-

trollable Negative Differential Resistances

The three-terminal devices of the second type are based on resonant tunneling
through two quantum barriers separated by a quantum well. Each proposed
device consists of a resonant tunneling double barrier heterostructure integrated
with a Schottky barrier field effect transistor configuration. The essential feature
of these devices is the presence, in their output current—voltage (Ip-Vp) curves, of
negative differential resistances controlled by a gate voltage. Because of the high—
speed characteristics associated with tunnel structures, these devices could find

applications in tunable millimeter-wave oscillators, negative resistance amplifiers
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Figure 5.4: Calculated current-voltage characteristics for the “Negative Resis-
tance Stark Effect Transistor” (NERSET). The tunnel barriers are 20 & thick
Alp6Gag4As layers, and the well a 50 A thick GaAs layer. The conduction band

offset is taken to be 0.5 eV.
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and high-speed digital circuits.

In this section, we propose and analyze three-terminal devices in which the
current through a resonant tunneling double barrier heterostructure is modu-
lated by a Schottky barrier gate placed along the path of the electrons. In fact,
these devices can be viewed simply as tunnel structures integrated with Schottky
barrier field effect transistors (FET’s). For small source-drain bias voltages, an
FET operates in its linear mode and acts as a variable resistor controlled by the
gate voltage. This property may be used to modulate the amplitude and position
of the tunnel structure negative differential resistances. We could observe these
effects by simply connecting one of our two—terminal tunnel structures® in series
with a commercial FET. The I-V characteristics obtained in this simple test are
shown in Fig.5.5 as a direct demonstration of this concept. However, by inte-
grating the FET and double barrier heterostructure, dimensions can be reduced
and parasitic resistances and noise minimized. These are essential requirements

for high frequency performance.

The first proposed device structure is shown schematically in Fig.5.6. It
consists of a resonant tunneling heterostructure integrated with a short channel
MESFET. After tunneling through the quantum barriers and well, the flow of
electrons is controlled by a Schottky barrier gate placed along a thin GaAs chan-
nel. The tunnel structure consists of two Al,Ga;_,As barriers, about 20-50 A
thick, separated by an undoped GaAs well, approximately 50 A thick. For the
top GaAs layer, donor concentrations of 5 x 101%-5 x 1017 ¢m 3 should provide suf-
ficient tunneling currents and, at the same time, allow resonant tunneling effects
to be observed at room temperature.® Submicron microwave and millimeter—

wave FET fabrication techniques can be used to form the gate and the source
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Figure 5.6: Schematic diagram (not to scale) of a cross section of the first pro-
posed transistor structure, the “Resonant Tunneling MESFET.” The device can

be symmetric with respect to the x—axis to minimize channel resistance.



227

and drain ohmic contacts.l721

Calculated output current—voltage (Ip-Vp) characteristics for the schematic
of the device in Fig.5.6 are shown in Fig.5.7 for the first resonance. Because
we are mainly interested in the linear regime of the FET, the two-region model
of Pucel et al.?? was used to obtain the velocity—field curve in the channel. For
GaAs, this model has been shown to agree perfectly with two—dimensional analy-
sis in the linear region, and to within +15% in the saturation region.?® The char-
acteristics of the tunnel structure constituting the source were obtained by mea-
suring the I-V curves of two—terminal resonant tunneling heterostructures. The
growth technique, preparation procedure and properties of these two-terminal
devices were discussed elsewhere.®® The structure corresponding to Fig.5.7 had
pure AlAs barriers, approximately 50 A thick, and a nominally undoped GaAs
quantum well, about 60 A thick. The curves in Fig.5.7 were calculated using a
channel width, a, of 0.20 um, a gate length, L, of 0.75 um, and a gate width,
perpendicular to the plane of Fig.5.6, of 20 um. The doping in the channel,
Np, was 1 X 10Y7¢m~3. The source length, d, and width, perpendicular to the
plane of Fig.5.6, were taken to be 3 and 20 um, respectively. These curves dis-
play the substantial variations of the source-drain Ip—Vp characteristics which
may be obtained by modulating the gate voltage. As the latter is decreased,
the channel resistance increases, resulting in shifting the positions of the nega-
tive differential resistances towards larger drain voltages and eventually reducing
their peak—to—valley current ratios. For proper operation, the FET must operate
in its linear regime. Furthermore, the channel resistance must be smaller than
the absolute value of the tunnel structure negative differential resistances over
a reasonably wide range of gate bias voltages. Since typical transit times for
tunneling through double barrier heterostructures should be on the order of 1ps

or less, the millimeter—wave performance of these devices is limited by the transit
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width, are taken to be 3 um and 20 um, respectively. The device is assumed to

be symmetric with respect to the x—axis (Fig.5.6).
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time of electrons in the channel. This delay time can be minimized by reducing
the gate and channel lengths and by increasing the doping in the channel. Since
the minimum gate length in GaAs FET’s is about 0.1 um, the expected maxi-
mum frequencies of operation should be on the order of 100 GHz.2® Because they
affect the ultimate performance of the device, the source-gate and gate—drain
spacings are key parameters. The best values realized so far are 0.1 um and 0.2
um, respectively.?’ It should further be mentioned that charging times, which
are important in all tunnel structures, may also influence the speed performance

of the proposed devices.

The second proposed device is schematically illustrated in Fig.5.8. It con-
sists of a resonant tunneling heterostructure integrated with a vertical FET.2¢
The source contact is made to the top nt—GaAs layer. It is followed first by
the tunnel structure, and then by the GaAs active channel. Motion of the elec-
trons in the channel is controlled by a Schottky barrier gate. The n*-substrate
acts as the drain. It should be noted that the device could also operate in a
configuration in which the source and drain electrodes are interchanged. This
structure has several advantages over the first proposed device: (i) the geome-
try is such that the path of the electrons remains perpendicular to the tunnel
barriers; (i) the fabrication procedure should be easier; (:17) the length of the
active channel can be further reduced; (#v) more accurate control of the drain to
source spacing can be achieved. This should result in maximum frequencies of
operation substantially greater than those obtainable with the previous device

configuration.

The third proposed structure, schematically illustrated in Fig.5.9, is a res-
onant tunneling heterostructure integrated with a permeable base transistor
(PBT).?5% After tunneling through the double barrier heterostructure, the flow

of electrons is controlled by a thin metal grating which is embedded within GaAs
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and forms a Schottky barrier gate. As in the previous device, the roles of the
source and drain can be interchanged. It has been claimed that permeable base
devices could, in principle, be capable of achieving maximum frequencies of os-
cillation near 1 THz.2* This makes them promising for modulating tunnel struc-
ture negative differential resistances. Although it has been difficult in the past
to achieve high quality epitaxial growth over metal films, improved growth tech-
niques, or different approaches such as replacing the metal grating by p-type

semiconductor grid fingers, appear to be promising.

5.4 Summary

We have proposed and analyzed two types of novel three-terminal devices
based on resonant tunneling in quantum well and quantum barrier heterostruc-

tures.

The main characteristic of the devices of the first type is that the relative po-
sitions of the collector and base electrodes have been interchanged with respect
to the conventional emitter-base—collector sequence. This makes it possible to
obtain negligible base currents and large current transfer ratios. Electric fields
produced by applying a voltage to the base modulate the positions of the sub-
band levels in the quantum well and thus control the emitter—collector tunneling
current. Calculations showed that significant variations in the emitter—collector

I-V characteristics can be obtained by modulating the base-emitter voltage.

The three-terminal devices of the second type consist of resonant tunnel-
ing double barrier heterostructures integrated with microwave field effect tran-
sistor configurations. The three proposed devices, shown in Figs.5.6, 5.8, and
5.9, could be called a “Resonant Tunneling MESFET,” a “Resonant Tunneling

Vertical FET,” and a “Resonant Tunneling PBT,” respectively. Simulations of
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device characteristics showed that substantial modulation of the tunnel struc-
ture negative differential resistances can be obtained by applying a gate voltage.
Because they could operate in microwave and millimeter-wave regimes, such
three-terminal devices should find applications in high-speed digital circuits,
tunable millimeter-wave oscillators and negative resistance amplifiers. Although
these devices were presented in the context of GaAs/Al,Ga;_,As heterojunction
technology, they could be implemented in other materials. It may actually be
advantageous to use semiconductors such as In;_,Ga,yAs, which have a higher
electron mobility than GaAs.

Experimental investigations are being performed by T. K. Woodward to de-
termine the properties of these structures and to explore their possible applica-
tions in high frequency analog and digital circuits. The “Resonant Tunneling Ver-
tical FET” has successfully been fabricated using MOCVD grown structures.?’
The experimental data agree with the theoretical results discussed in this chap-

ter.
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Chapter 6

Growth Characterization of
GaAs/Al;Ga;__,As Tunnel
Structures Grown by
Metalorganic Chemical Vapor

Deposition

6.1 Introduction

In this chapter, measurements of current—voltage, I-V, characteristics, as well
as first, (dI/dV)(V), and second, (d*I/dV?%)(V), derivatives of the I-V curves
are used to study the growth uniformity of some of the MOCVD grown samples
discussed in this thesis. Because tunneling phenomena are strong functions of
the doping densities and the thicknesses of the layers through which the charge
carriers tunnel, electrical measurements constitute a method of choice for probing

the growth uniformity of these heterostructures and detecting fluctuations in
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doping concentrations and layer thicknesses.

Section 6.2 discusses the reproducibility and uniformity in the electrical char-
acteristics of GaAs/AlAs single and double barrier tunnel structures. This is
achieved by analyzing data obtained from large numbers of devices taken ran-
domly across the wafers under test. The experimental results show evidence that
these samples were grown with uniform layer thicknesses and doping concentra-
tions.

In section 6.3, discrete fluctuations in layer thicknesses are reported in GaAs/
Al;Ga;_.As double barrier heterostructures. These fluctuations cause the width
of the GaAs quantum well to vary by discrete steps and the resonant states in the
well to form sets of quasi—stationary levels. Such effects are manifested by non-
uniform experimental results and by sequences of negative differential resistances
in the I-V characteristics of a number of devices. These observations suggest

that islands may be formed during the growth of certain samples.

6.2 Uniformity in the Electrical Characteristics

of GaAs/AlAs Tunnel Structures

Each of the heterostructures used in this study was grown by an MOCVD
techniquel? on a GaAs substrate doped n—type with Si at 2-3 x 108¢m 3. The
first layer grown on the substrate was a 2-3 um thick GaAs cladding layer, de-
generately doped n—type with Se. It was followed either by one thin AlAs barrier
layer, or by two AlAs tunnel barriers separated by a nominally undoped GaAs
quantum well. Finally, a top GaAs cladding layer was grown, degenerately doped
n—type with Se. The AlAs barriers were typically 50-150 A thick. They were
doped p—type with Mg®* at 0.5-1 x 108¢m~3. In the double barrier structures,

the GaAs quantum well was on the order of 50 A wide. Devices were prepared



239

on the samples by defining mesas on the epitaxial sample face using conventional
photolithography and a GaAs etch (4:1:1, H;SO,:H;0,:H;0). Ohmic contacts
were made on the surface of the mesas and on the substrate by evaporating
Au-Ge and Au, and annealing at 400-420°C for 15-20 s. Finally, the samples
were either mounted on transistor headers and wire bonded, or probed with a
whisker. The mesas were circular and 12-700 pgm in diameter. For the purpose
of this study, all the samples and devices were carefully prepared under similar
conditions. Furthermore, in order to reduce the error introduced by undercutting
during the etching process, the top GaAs cladding layer was preliminarily etched
down to about 0.2 um. Well defined mesas could then be obtained by etching

less than 1 pm down from the surface.

Starting from wafers which were about 2 ¢m?, at least 5 small pieces, approx-
imately 4 mm? each, were chosen as far apart from each other as possible, and
cleaved. A large number of mesas were then defined on each one of these pieces
and, depending on their sizes, about 10 to 80 devices were taken randomly and
systematically tested. Although this procedure was repeated for sets of devices
having diameters between 12 and 700 pm, a more complete study was performed
for mesas close to 50 and 80 wum in diameter. Current-voltage curves, as well as
their first and second derivatives, were measured at temperatures ranging from
4.2 to 300 K. The I-V characteristics were taken with a Tektronix 577 curve
tracer. Point-by-point measurements using a dc power supply were also made.
First and second derivative curves were obtained using modulation techniques,

with typical modulation voltages of 1-5 mV peak—to—peak.’

Some of the measurements performed are the following. For single bar-
rier samples, in which elastic and inelastic tunneling occur, we studied (2) the
zero-bias resistance at different temperatures, and (4) the uniformity and repro-

ducibility of the I-V curves as well as their first and second derivatives. In double
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barrier structures, resonant tunneling takes place, and the I-V curves feature
negative differential resistances. For these samples, we performed a careful study
of (%) the zero-bias resistance at different temperatures, (#) the voltages and cur-
rents at the peaks and valleys of the negative differential resistance regions, and
(#72) the uniformity and reproducibility of the features displayed in the deriva-
tive spectra. Only a few of these properties are discussed below. Furthermore,
experimental data are presented for only two samples. Other heterostructures

led to similar results and conclusions.

Fig.6.1 is a logarithmic plot of the zero-bias resistance as a function of de-
vice diameter for a single barrier sample, (H160), in which the GaAs cladding
layers are doped at 3 x 10¢m™2 and the AlAs barrier layer is 54 A thick. The
error bars correspond to averages over more than 20 measurements performed on
different devices having the same size and taken randomly across the wafer. The
crosses correspond to single measurements. The curve passing through the ex-
perimental data is a straight line. Its slope is almost exactly (—2). This indicates
that the zero-bias resistance does scale with area. Furthermore, the zero-bias
resistance, which depends on the transmission rate through the quantum barrier,
is a strong function of the thickness of the AlAs layer through which the elec-
trons actually tunnel. In particular, keeping all other parameters the same, a 7
A change in barrier width makes the zero-bias resistance vary by more than an
order of magnitude.® Since the tunneling electrons always tend to pass through
the thinnest part of a barrier, variations in the values of the zero-bias resistance
are directly related to fluctuations in the barrier thickness. The zero-bias re-
sistance is also a function of the doping concentrations, which define the actual
position of the Fermi level in the GaAs electrodes. It should also depend on the
contacts. However, in all the samples studied, contact resistances were found to

be negligible compared to the resistances of the tunnel barriers themselves. As a
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Figure 6.1: Logio(Zero-bias Resistance) versus Logo(Device Diameter) for a
single barrier sample in which the GaAs cladding layers are doped at 3 x 10%8¢m =3

and the AlAs tunnel barrier is 54 A thick (H160).
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result, they did not alter the tunneling currents significantly. It should be noted
that the error bars in Fig.6.1, which represent the standard deviations of the
results, are very small. This indicates that leakage and edge currents, as well as
effects associated with the local fluctuations in the electrostatic potential due to
the ionized dopants, were negligible compared to the tunneling currents. Fig.6.2
is the superposition of seven (d*I/dV?)(V) curves at 4.2 K for seven different
devices, 78 pum in diameter, taken randomly among 100 mesas of the same size
prepared on sample H160. The fact that these spectra overlap exactly was a
common feature of all the series of devices tested. Similar results were obtained
from other heterostructures. The above observations make it possible to con-
clude that both the doping profiles and layer thicknesses in the samples under
test are uniform across the entire wafers. They suggest further that the average
fluctuations in the thicknesses of ultra—thin layers in single barrier structures can

be as small as one atomic layer or less.

In double barrier heterostructures, series of more than 60 devices close to 20,
50 and 80 um in diameter were tested. I-V curves, as well as first and second
derivatives, were measured. In a given series, the curves would all coincide, except
for an occasional one, which could be due to the preparation procedure, a bad
contact, or an improper bond. Fig.6.3 shows experimental I-V curves at 300
and 77 K for 10 different devices, 78 um in diameter, taken randomly across the
wafer of a double barrier sample, (H408). The GaAs cladding layers are doped at
1.75x10"¢m 3. The AlAs barrier layer closer to the substrate is 51 A thick. The
other barrier is 42 A thick. The GaAs quantum well is 62 A wide. The breaks
in the low temperature I-V curves are due to the fact that the curve tracer used
for these measurements could not reliably resolve negative differential resistance
regions. Resonant tunneling currents depend critically upon layer thicknesses and

doping concentrations. Consequently, the reproducibility and uniformity of the
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Figure 6.3: I-V curves measured on a double barrier sample, (H408), at 300 and
77 K for 10 devices, 78 um in diameter. The GaAs cladding layers are doped at
1.75 x 10'8¢m=3. The AlAs barrier layer closer to the substrate is 51 A thick.
The other barrier is 42 A thick. The GaAs quantum well is 62 A wide.
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experimental data are, again, a clear indication that the geometrical parameters
and doping profiles are uniform across the entire sample.

In summary, we have studied the reproducibility and uniformity of -V char-
acteristics and their derivatives in MOCVD grown GaAs/AlAs tunnel structures.
This was achieved by performing systematic measurements on large numbers of
devices taken randomly across the wafers under test. The measured properties
were strong functions of layer thicknesses and doping concentrations. The repro-
ducibility and uniformity of the experimental results showed evidence that the
doping profiles and the geometrical parameters of the structures were uniform
across the wafers. In single barrier samples, they suggested further that the av-
erage fluctuations in the thicknesses of ultra~thin layers should be within one

atomic layer.

6.3 Layer Thickness Fluctuations in GaAs/Al,

Ga;_;As Double Barrier Heterostructures

As illustrated in section 6.2, several of the single and double barrier tunnel
structures discussed in this thesis have reproducible and uniform electrical char-
acteristics. However, this is not the case for all the samples. It is observed, in
particular, that a number of devices prepared on certain GaAs J/Al,Ga;_.As res-
onant tunneling heterostructures display sequences of negative differential resis-
tances in their I-V characteristics. Although the experimental results obtained
from these structures are reproducible for any device taken individually, they are
not uniform from device to device across the wafers. These phenomena show
evidence of discrete fluctuations in layer thicknesses. Energy band diagram cal-
culations indicate further that the thicknesses of the Al;Ga;_,As tunnel barriers

and the GaAs quantum well must fluctuate by integral numbers of monolayers.
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Such phenomena are observed in samples H943 and H945 (see Tables 4.1 and
4.2 in Chapter 4). These effects may be related to the fact that the barrier lay-
ers are made of Aly35GagesAs. The discreteness in layer thickness fluctuations
revealed in these structures is illustrated below by discussing data obtained from
sample H943 alone. H945 produces similar results. In H943, the GaAs cladding
layers are doped n—type with Se at 1 X 108¢m~3. The p-type doping density in
the Alp.35GagesAs tunnel barriers is estimated to be 2 X 107¢m 3. The GaAs
quantum well is nominally undoped. TEM measurements have determined that
the thicknesses of the barrier layers vary between 59.5 and 62 A (21-22 mono-
layers) and that the width of the GaAs quantum well fluctuates between 31 and
36.5 A (11-13 monolayers).

The experimental I-V characteristics of the structure are found to depend
strongly upon the area of the device under test. If the device is sufficiently
small, its low temperature I-V curves display only one pronounced negative
differential resistance in each bias direction. The peak-to-valley current ratios
are on the order of 2.5 at 4.2 K. Fig.6.4 depicts an experimental I-V curve
for a circular device, 50 pm in diameter. Because this curve is symmetric with
respect to the origin, both Aly35GagesAs tunnel barriers must be identical over
the whole area of the mesa. For other devices, the positions of the peaks in
current differ in forward bias and in reverse bias. The two tunnel barriers must
then have different thicknesses. Energy band diagram calculations have indicated
that the observed negative differential resistances are due to resonant tunneling
via ET, the quasi-stationary level confined in the GaAs quantum well by the
Alp.35Gag.e5As I'-point potential energy barriers. The results obtained in Fig.6.4
are consistent with 59.5 A thick Aly35GaggsAs barriers and a 34 A wide GaAs
well. ET then lies 110 meV above the conduction band edge at the middle of the

well in the unbiased structure.
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Figure 6.4: Experimental I-V characteristic at 4.2 K for a circular device,
50 pum in diameter, fabricated on sample H943. H943 is an MOCVD grown
GaAs/Alp35GagesAs double barrier heterostructure. The GaAs electrodes are
doped n-type with Se at 1 x 10'®¢m~3. The barrier layers are 59.5-62 A thick.

They are doped p-type with Mg at 2 x 10'7¢m™=3. The nominally undoped GaAs
quantum well is 31-36.5 A wide.
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The experimental I-V curves become less symmetric and uniform with in-
creasing device areas. This confirms that fluctuations in layer thicknesses play a
more important role as these areas are made larger. Fig.6.5 depicts an I-V char-
acteristic at 4.2 K for a circular device having a diameter of 125 ym. This curve
differs significantly from that shown in Fig.6.4 in that each of the pronounced
negative differential resistances has been replaced by a sequence of three weak
current peaks. In reverse bias, these occur at V¥ = —380 mV, V,F = —440
mV, and VJ® = —530 mV. In forward bias, the peaks in current are obtained at
Vi =340 mV, Vf = 400 mV, and VF = 450 mV. Other devices only show two
negative differential resistances in each bias direction, but some larger devices
depict as many as four current peaks for each polarity of the applied voltage.
This reveals that the resonant state in the GaAs quantum well has been replaced
by a set of quasi-stationary levels arising from discrete fluctuations in well width.
This is an indication that islands may be formed during sample growth, causing
the tunnel barriers and the quantum well to consist of adjacent domains hav-
ing different thicknesses. These thicknesses must only vary by discrete values,
producing sets of resonant energy levels in the well when the device under test
overlaps with several domains. When this occurs, sequences of negative differ-
ential resistances are observed in the experimental I-V characteristics. Because
the resonant energy levels are close in energy, the peaks in current are small
and close to one another. Their actual spacing may be related to fluctuations in
layer thicknesses by calculating the energy band diagrams of the biased struc-
tures. In the case of sample H943, a variation in well width by one monolayer
(2.83 A) produces a variation of approximately 8 meV in ET. This causes the
corresponding current peaks to shift by about 30 mV. This shift is reduced to
approximately 20 mV if either tunnel barrier varies in thickness by one mono-

layer. These values may be used to interpret the experimental results depicted
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Figure 6.5: Experimental I-V characteristic at 4.2 K for a circular device, 125 um
in diameter, fabricated on sample H943. The sequences of negative differential

resistances are due to discrete fluctuations in layer thicknesses.
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in Fig.6.5. The negative differential resistances observed at V¥ = —380 mV and
VF = 340 mV may be explained by making the quantum well thicker than in
Fig.6.4 by two monolayers, but the barrier closer to the top electrode thinner by
one monolayer. The peaks in current at V,F = —440 mV and Vf = 400 mV are
consistent with a structure in which the GaAs well would be 34 A wide, as in
Fig.6.4, but the barrier closer to the top cladding layer would be thinner than the
other barrier by one monolayer. Finally, the negative differential resistances at
V{ = —530 mV and V§ = 450 mV may be explained by making the well thinner
than in Fig.6.4 by two monolayers, and the barrier closer to the top electrode
thinner than the other barrier by two monolayers. The I-V characteristics of
other devices may be interpreted using the same approach. For example, the
I-V curves of a device which is 78 um in diameter reveal peaks in current at
Vi = -460 mV, V = —520 mV, Vf =380 mV, and Vf =520 mV. V{# and V¥
are consistent with a structure in which the barrier closer to the top electrode is
thinner than the other barrier by two monolayers. The peaks at V£ and Vf may

be explained by making the well thinner than in Fig.6.4 by three monolayers.

In summary, we have studied discrete fluctuations in layer thicknesses in
MOCVD grown GaAs/Al,Ga;_,As double barrier heterostructures. As a result
of these fluctuations, the width of the GaAs quantum well varies by discrete
values and the resonant states in the well form sets of quasi-stationary levels.
This causes the experimental results to be non-uniform and sequences of weak
negative differential resistances to be obtained in the I-V characteristics of cer-
tain devices. However, single and pronounced current peaks are obtained when
the devices are sufficiently small. Energy band diagrams may be used to corre-
late the spacings between the peaks in current observed in the I-V curves with
the fluctuations in layer thicknesses. They indicate that the Al,Ga;_,As tunnel

barriers and the GaAs quantum well fluctuate by integral numbers of monolay-
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ers. These results reveal that islands are formed during the growth of certain
samples. Fabricating such islands in a controlled manner may have potential
applications. In particular, they could be used to produce multiple negative

differential resistances with specific spacings and amplitudes.
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