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Abstract

Two terminal devices with negative differential conductance effects (NDC) have been
used for several decades in a variety of electronic applications. The existing diode
technologies which give such effects have a limited number of adjustable parameters, and
constraints on frequency of operation which have limited their application. The
development of molecular beam epitaxy (MBE) has enabled the developement of a new
class of quantum devices including the resonant tunneling diode (RTD). The RTD has
shown the potential to operate from D.C. into the THz frequency range. The range of
adjustable parameters available give the RTD great flexibility in design, but also increase
the complexity of understanding transport through the device.

The current-voltage (I-V) characteristics of an RTD are modeled within the assumption
of coherent electron wavefunctions through the structure and a seperation of variables
condition. These assumptions are broken by the presence of ionized impurities within the
device, yet such impurities are essential to device design. In order to deteimine the effect
of such impurities on the I-V characteristics, a set of RTD's was fabricated with different
types of impurities in the center of the device. A shift in the peak current of the device is
correctly predicted by the I-V model, however, a degradation of the ratio of the peak
current density to the valley current density (peak to valley ratio), is not correctly predicted
by the model. A scattering assisted tunneling mechanism is proposed to account for the
discrepancy.

Advanced lithographic techniques have created the capability to introduce addtional
quantum confinement transverse to the direction of current flow. The effects of this
additional confinement in a resonant tunneling device are studied theoretically. First the

problem is solved assuming that the variables can be seperated in the direction along and



the direction transverse to the current flow. It is found that under these conditions that no
addtional peaks are manifested in the current-voltage characteristics of these devices. The
violation of the seperation of variables condition is introduced as a perturbation to the
previous system. It is found that a perturbation due to an elastic scattering center can cause

additional structure in the current-voltage characteristics of such devices.
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L Introduction

The remarkable advances in computation and communications technologies in the last
half century have been made possible by the invention and development of a vast array of
solid state electronic and optical devices. By striving to achieve higher speeds of operation,
and greater levels of integration, ever more powerful computing and communications tools
have been created. The transistor, the laser and a host of other devices have been invented
and reinvented many times in a multitude of materials systems. As materials growth and
fabrication technologies continue to improve, it becomes possible to use new physical
phenomena in solid state devices, in addition to optimizing the performance of existing
devices.

In the area of communication, there are applications for devices with negative
differential resistance (NDR). NDR occurs when an increased bias (applied voltage) across
a device results in decreased current flow through the device as shown in figure 1.1. This
effect is useful for a number of reasons. By applying the proper bias across the device, it
can be used to convert D.C. power into high frequency oscillations. Other applications
include signal processing, and using the resonant tunneling device as a load element in a
logic circuit.

The existing technologies for obtaining NDR include; the Gunn diode, the IMPATT
diode and the Esaki tunnel diode!. Unfortunately, there are physical limitations to each of
these devices. The Gunn diode operates by transferring charge from the high mobility
gamma valley of a semiconductor (typically GaAs) to the low mobility L valley under large
electric fields. This device is very important in microwave communications, however, it is
fundamentally limited to operating below 150 GHz, and actual operation frequencies are
significantly lower (~80 GHz). The IMPATT diode only oscillates at a specific frequency,

fixed by its drift region. It is capable of producing a large power output, however, it is
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Figure 1.1 - A Schematic diagram of a current-voltage
characteristic which exhibits negative differential resistance (NDR).
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plagued by noise. The Esaki tunnel diode operates by tunneling from the conduction to the
valence band through the band gap in a p/n junction diode. This is accomplished by
degenerately doping the emitter and collector contacts with n and p-type dopants,
respectively. Due to the required proximity of the adjacent contact layers and the very high
doping required to achieve tunneling, the capacitance of this device is very large and thus
the frequency response is seriously limited. Ultimately, new types of devices will be used
to accommodate the demand for increased communication frequencies and signal
processing capabilities.

Recently, a new group of high speed electronic devices has been made possible by
advances in crystal growth technologies. One of these devices, the resonant tunneling

diode (RTD), exhibits NDR at room temperature and has shown the potential to oscillate up
to several hundred GHz2. The potential of RTDs lies in the fact that several of the

parameters can be varied resulting in the possibility of achieving both low capacitance and
high current density, and thus operation at higher frequencies than are currently possible
with either Esaki or Gunn diodes. The flexibility in design parameters also provides the
possibility of adjusting the resonant bias condition, the peak to valley ratio, and the peak
current density in order to meet circuit design specifications.

In addition to specific investigation of RTDs, one would hope to gain a greater
understanding of related device categories. Specifically, the high speed ballistic or hot
electron transistor, relies on a similar double barrier structure and shares similar charge
transport and quantum physics with these devices3. The RTD can also be used as an
energy filter within other devices such as the heterojunction bipolar transistor to create new
clectronic applications?. In addition, the double barrier structure is a very simple case of a
finite superlattice, superlattices being the foundation for several classes of optoelectronic

devices. Perhaps the greatest potential for these devices is the possibility of using several



resonant states within the device, or several such devices in series, to provide the building
blocks for multi-state logic systems.

In this thesis several aspects of the RTD will be studied in detail. In chapter 2,
background information on the crystal structure, material system, crystal growth, and
device operation are given. In chapter 3, the fundamental mechanism for achieving NDR is
explored. By using a time independent formalism, a method of calculating the
current-voltage characteristics is illustrated. The limitations of the model are discussed, and
alternative approaches for the calculation are discussed.

One of the sources of breakdown of the coherent model is elastic scattering effects. A
major source of elastic scattering centers is ionized impurities placed in and around the
RTD. Since ionized impurities are needed to provide the carriers for the device to operate it
is important to understand something about the effect of such centers on the current-voltage
characteristics in order to optimize the structure. Another reason to explore this effect is
that ionized impurities must be used within the base of a hot-electron transistor structure in
order to achieve three terminal operation. Thus the understanding of such effects is critical
to the design of such devices. A study of elastic scattering centers is described in chapter
4.

Recent advances in lithographic techniques, specifically e-beam lithography, have made
it possible to define structures perpendicular to the growth direction down to quantum
dimensions. In chapter 5, the effects of such confinement are explored under a set of
simplifying assumptions, including the separation of variables. In actual devices,
however, the separation of variables condition is easily bro*=n. By using first order
perturbation theory, it is possible to study the impact of effects, such as elastic scattering,
by using the unperturbed wavefunctions as a basis.

Conclusions and suggestions for future work are made in chapter 6.
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2. Background

The development of Molecular Beam Epitaxy (MBE) and Metal Organic Chemical Vapor
Deposition (MOCVD) have created the capability to control crystalline structure in the
direction of growth down to atomic dimensions. By using materials systems which are
closely lattice matched, but which have band offsets, usually in conjunction with
differences in the band gap, this control of Crystal structure can be used to vary the potential
energy and the effective mass of electrons and holes alon g the direction of growth. This
sort of control has not only led to the development of devices such Aas the Modulation
Doped Field Effect Transistor (MODFET), where the effects of quantum mechanical
confinement must be included in order to accurately model the operation of the device, but
also devices such as the resonant tunneling diode (RTD) where quantum effects are the
basis of device operation.

In this chapter, the background information needed to understand the mechanics of
RTDs will be discussed. The GaAs/InGaAs/AlGaAs material system, currently the most
popular system for RTDs, is discussed in the first section. The use of molecular beam
epitaxy to grow quantum devices is covered in the second section. The crystal structure of
aresonant tunneling diode and some general comments on fabrication are made in the third

section. The basics of RTD operation are sketched out in the fourth section.

2.1 The GaAs/A]As material system

The GaAs/AlAs system has been studied extensively and has been used to fabricate a
variety of electronic devices!:234. These materials have several distinct advantages over
silicon, the dominant semiconductor technology. The band gap of GaAs is significantly
wider than that of Si, 1.42eV vs. 1.12eV for Si, which contributes to a very low intrinsic

carrier concentration for GaAs. As a result, undoped GaAs material is semi-insulating
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which makes it advantageous for use as a substrate for microwave circuits. Silicon, on the
other hand, needs to be grown on other substrate materials, typically saphire, for use in
high-frequency circuits. In addition, GaAs has high mobility at low fields which gives it
advantages for use in Field Effect Transistors (FETs) and other high speed electronic
devices.

Another advantage of GaAs is the fact that the material has a direct bandgap (both
conduction and valence band minima are at the gamma point), which allows radiative
recombination of electron hole pairs to be the predominant relaxation mechanism for high

quality materials. As a result, GaAs and the related 1II-V compounds are used in a variety

of optoelectronic applications including lasersS, light emitting diodesS, modulators? and

detectors®. A continuous spectrum of Ga,Al; ,As alloys, ranging from pure GaAs to
pure AlAs can be fabricated by a number of methods. The conduction band minimum
remains at the gamma point for x ranging from 0 to 0.45, the magnitude of the direct
bandgap is given by 1.42 + 1.25x 9. Between 0.45 and 1.0 the conduction band
minimum is at the X point where it remains for high Al content alloys through pure AlAs.
Once the conduction band minimum switches over to the X point, the material is no longer
direct gap and the strength of radiative recombination is greatly reduced. The energy gap
between the valence band maximum and the X point of the conduction band is 1.9 +
0.125x + 0.143x2 as illustrated in figure 2.1.

The primary dopants used in GaAs/AlGaAs are Si for n-type doping and Be for p-type
doping!0. It is possible for GaAs to incorporate 5x10'8/cm3 of Si as n-type dopants before
saturation is reached, though this number varies depending on substrate temperature and
the As to Ga flux ratio. For high As flux ratios and low substrate growth temperatures
(around 550 C), it is possible to increase the saturated Si doping level. If the saturated

doping level is surpassed, it is possible for the additional Si atoms to displace As atoms and
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9
act as acceptors, thus partially compensating the material. Also, it is possible for excess Si
atoms to “ride the growth surface" or "surf” during the crystal growth process, adding
impurities where they are not desired. The saturated doping level for Be is much higher

than for Si in GaAs, and values of up to 1x102%cm3 have been reported!o,

The Ga,Al,_,As system is lattice matched to within 0.3%:9 the alloys, as well as pure
GaAs and AlAs, have the same zincblende crystal structure; two alternating lattices of FCC
crystals with type I and type V materials. Due to the nearly identical crystal structures of
these materials, it is possible to fabricate a wide variety of crystal heterostructures, i.e. a
crystal which includes an interface(s) between two (or more) types of materials. The
differences in bandgaps result in conduction and valence band offsets at the heterojunction.
Approximately 60% of this offset is estimated to occur in the conduction band, the balance
in the valence band!!.

Indium alloyed with GaAs, grown on a substrate which is lattice matched to GaAs is

used when a narrower bandgap material is desired. In,Gay.yAs is not lattice matched to
GaAs and thus InyGal_yAs layers induce strain depending on their thickness and

composition!2. The relationship between the bandgaps of strained In,Ga,As alloys

which are commensurate with the GaAs lattice is poorly understood, in part because strain

may modify the bandgap, depending on the thickness of the In,Ga, yAs material.

Presently, the bandgap of the In,Ga,_,As is estimated by using a linear interpolation
between GaAs and InAs (with a bandgap of 0.35 eV) based on the In content.

By using different materials, the bandgap, and thus the electron potential can be
modified as a function of position in the material. By sandwiching a narrow bandgap
material between two wider bandgap material layers, a potential well is formed. A wide

bandgap material sandwiched between two narrow bandgap material layers forms a
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potential barrier. Quantum devices are fabricated by using crystal growth techniques which
create hetero-interfaces that are planer to within atomic dimensions and can control well and
barrier layer thickness down to dimensions where quantum mechanical effects become
important. The list of successful quantum devices includes; quantum well lasers,
quantum well photodetectors$, resonant tunneling devices!3 and modulation doped field
effect transistors (MODFET's)4. Several other types of devices rely on the ability to
control the electron potential as a function of position, though quantum confinement is not
crucial to their operation. These include the heterojunction bipolar transistor! and the
heterostructure laser!6.

Despite these advantages over silicon, GaAs is untikely to ever enjoy the predominant
role now enjoyed by Si in the semiconductor business. The chief advantage of Si is that
the native oxide both passivates the surface and greatly simplifies the fabrication process.
The Si fabrication process has been adapted to mass production techniques for decades. In
addition, Si is much easier to handle and process than GaAs due to the relative fragility of
GaAs wafers. Silicon is also much less expensive than GaAs because Ga is relatively rare.

The unique advantages of GaAs, however, guarantee a niche for it in the semicenductor

industry.

2 Molecul m Epi f /AIA
MBE is essentially a very well controlled evaporation process which takes place in an
ultra-high vacuum chamber!:2.19, Typically, each component element which is to be
incorporated into the crystal has a separate high-precision computer-controlled evaporator.
The flux is controlled by the temperature of the evaporator crucible. With the correct flux
ratios and substrate temperature it is possible to grow a very high quality crystal on the

substrate. Crystalline composition is changed by opening and closing shutters located
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between the evaporator and the substrate as shown in figure 2.2. Both alloy composition
and impurity concentration can be effectively controlled in this fashion, however, some
impurities may tend to diffuse during the growth process. The epitaxial structures are
grown on a single crystal substrate, typically consisting of a material lattice matched to the
desired epitaxial structure.

The substrate is heated to a temperature which optimizes the growth dynamics by using

either direct or radiative substrate heating. GaAs tends to grow best at temperatures

between 550 and 650 C. The best Al,Ga,;_,As is typically grown between 680 and 800 C

b

the best In,Ga,  As between 480 and 520 C. The temperature of crystal growth is

determined by the exact structure desired, and the substrate temperature may be changed

during the growth process to achieve the optimal growth conditions of each type of crystal.
The Ga/As flux ratio has an important influence on the material quality. Typically, a

flux gauge ratio 10-20, of As over Ga is used. Too high an As flux ratio leads to a large

defect density, to low leads to Ga balling up on the surface. Typically, the ratio of As over
Ga goes up for growing Al,Ga,_,As due to the increased total group III flux.

Due to the strong relationship between the crystalline and interface quality of the
epitaxial structures and the performance of RTDs, steps taken during the crystal growth
process are crucial to RTD design. Uniformity of crystal growth over the wafer is assisted
by rotating the substrate under the incident flux. Calibration can be done to atomic
dimensions using reflection high energy electron diffraction (RHEED) pattern. An
intensity peak occurs when a smooth interface is presented to the electron beam whereas
intermediate points in the growth process have many small islands and thus have a rough
surface which scatters the RHEED beam. By interrupting the growth process, coalescence
of these islands and smoothing of the interface occurs. Such interruptions are often used

to defeat the effects of interface non-uniformity.
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Figure 2.3 - The crystal structure of an RTD is illustrated

schematically in a, with an illustration of conduction band
minimum and valence band maximum along the growth

direction shown in b).
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neh 1

RTD:s are fabricated by growing crystals with two thin (11-100A) barriers separated by
a well which is narrow enough to allow observable quantum interference effects between
the barriers (generally 30-400A)13.17.18, The barriers are made by growing material which
has a wider bandgap than the surrounding layers or well. The discontinuities of electron
potential along the direction of growth act as a potential barrier system for the electron as
shown in figure 2.4. The emitter and collector of the device are doped in order to provide
the tunneling carriers and to reduce series resistance. The barriers and well are not doped
so that elastic scattering doesn't destroy the wave coherence of the electrons through the
device. A more extensive discussion of doping in resonant tunneling diodes is given in
chapter 4 of this thesis.

The actual fabrication of RTDs is straightforward, once the epitaxial structure has been
fabricated. Device fabrication consists of defining a suitable area, and applying ohmic
contacts to the emitter and collector regions. The resistance of the contact and interconnect
metal must be less than the intrinsic NDR of the RTD in order for NDR to be observable!9.

The most common methods of device isolation include physically etching mesa type

structures!3, or using ion implantation to create damage to the crystal structure20 and
rendering it insulating as shown in figure 2.3. Once isolation is achieved, it is necessary to
make an ohmic contact to the emitter and collector sides of the diode. This may be done by
using either alloyed or non-alloyed ohmic contacts. The use of non-alloyed ohmic contacts
is becoming popular for the top side of the crystal, so that alloying will not introduce
defects and alloy spikes through the RTD well and barriers from the ohmic contact material.
If an alloyed ohmic contact is used on the top side, é thick (>0.4 micron) buffer layer is
grown over the RTD to avoid such "spiking" behavior. Because it is hard to grow good
GaAs over a non-alloyed contact structure, the bottom contact is typically alloyed, but it can
be distant from the isolated part of the RTD.
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Figure 2.4 a-c Ion implantation process. Photoresist is lithographicaily
patterned in step (a) to allow for evaporation of ohmic contact metal in step (b).
If a non-alloyed ohmic contact is used, the metal itself can act as a mask for
ion implantation isolation of the RTD (c).
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Figure 2.4 d-f Mesa etch process. Photoresist is patterned to the size of

the desired device in (d). The resist is used as an etch mask so that the material
which is not to be a part of the device is cleared away (). Contact metal can then
be deposited on top of the mesa using lithographic techniques (f).
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Several materials have been used to fabricate RTDs. Historically, the most common

material system has been GaAs for the well and surrounding emitter and collector layers,
and Al,Ga; ,As or AlAs for the barriers, as shown in figure 2.4. This is due to the
maturity of MBE which has developed, and the fact that the first good RTD results were
obtained in this material system!3. The Ing 45Gay 5,As /Ing 47Al5 53As material system
(lattice matched to InP) may increase both the performance and applicability of these

devices as such materials become more commonplace?]. The best peak to valley ratios in

RTDs have come from this later material system, due to the larger difference between the

relative energies of the I" and X-valley minima22. The possibility of using non-alloyed
ohmic contact technology may eventually make practical three terminal quantum
interference devices possible in materials lattice matched to InP, The Si-Ge material
system has also been used to make RTDs. This introduces the very attractive possibility of

integrating Si-Ge RTDs with Si based microcircuits23.

2.4 RTD operation

The RTD relies on quantum mechanical interference and resonance effects in order to
manifest NDR on a macroscopic level. The effect is analogous to a rather leaky
Fabry-Perot interferometer with a broad band of incident frequencies. At zero bias, the
tunneling of electrons (or holes) from one side to the other must be the same in both
directions and thus no net current flows as shown in figure 2.5. As the bias level is
increased, current will start to flow from the side which has it's majority carriers at a higher
potential; this side is called the emitter and the other side the collector. At first, the incident
electrons tunnel through the barriers with a probability similar to that of the product of
tunneling through each of the barriers individually. As the bias is increased, a resonance

condition can occur where the reflected electron wavefunction from the first barrier is
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Figure 2.5 - A resonant tunneling diode band structure is illustrated for

a) zero bias, b) at resonance and c) past resonance. A schematic of the
current-voltage characteristics are shown for these points in d).
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partially cancelled by the reflected electron wavefunction from the second barrier. When
the bias across the device is such that a relative number of the carriers is in this resonance
condition, a peak current will be observed. Further increase in the applied bias will
terminate the resonance condition resulting in reduced carrier flow, this is referred to as
negative differential conductance. The low current region at higher bias than the resonant
peak is called the "valley" of the current-voltage (I-V) characteristics. Two important
figures of merit for RTDs are the peak current density and the peak to valley ratio, which is
the ratio of the maximum peak current to the minimum valley current.

Since it is possible to have multiple resonant states in a quantum well, it is possible to
observe several resonances in the current-voltage characteristics of a RTD. One application
of multiple regions of NDR is high speed frequency multiplication and division. This
could be very useful for high frequency communications. A more exotic, and potentially

more promising application of multiple resonant states is as a building block of multi-state
logic systems.
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In this chapter a method of modeling the current-voltage (I-V) characteristics of a
resonant tunneling diode (RTD) is presented. Due to the presence of resonances in the
current-voltage characteristics of these structures, it is possible to make comparisons
between experiment and theory that are not possible for single tunnel barrier devices. In
the first section, a general expression for tunneling through a barrier system is discussed.
In the second section, the plane wave states of a finite superlattice system (a superset of
RTDs) are solved within the effective mass approximation. The third section discusses the
effects of non-parabolicity on tunneling. In section four, an expression for current flow
through an arbitrary tunnel barrier is derived and current-voltage characteristics are
modelled. Shortcomings of this approach are discussed at length in section five, and the
sixth section contains a discussion of the comparison between the model and experimental

results. Alternate approaches are compared with this model in section seven.

3.1 General expression for tunneling through a heterostructure potential barrier

The expression for tunneling through a heterostructure barrier system has been known
for some time. The expression is derived within a time independent formalism. In
principle it is possible to do this analysis within a time dependent formalism, however, the
difficulty of formulating wave packets and propagating them through barriers greatly
increases the computational difficulty and we do not pursue it.

The probability of tunneling from a given electron state through a barrier and into an
empty state, is equal to the product of the probability of the initial state being occupied, the

final state being unoccupied, and the transmission coefficient through the barrier!:

State-state probability = fE)1-f,E) ITEE,V)2, (3.1)
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where fi(E) is the Fermi distribution function on the left side of the junction, f.(E) is the
Fermi function on the right side of the junction, h is Plank's constant, and IT(E,E”,V)], is
the transmission amplitude as a function of the electron kinetic energy E, the energy parallel
to the interface Ey, and the applied bias across the system V.

In order to obtain the total current from left to right due to tunneling, the contribution
from all of the states on the Lh.s. of the barrier must be summed over. The | direction is
defined as the direction parallel to the heterointerface, and the 1 or longitudinal direction is
defined as the direction perpendicular to the heterointerface. Assuming the boundary

condition that k) is the same in all components of the junction, the current transport from

left to right is given by:
. e(2s+1 . dk
=& ;+ ) dE f)(E) [1- f E+eV)] fo —'2||T(E,E”,V)|2, (3.2 a)
(2m)
0

where e is the electron charge, s is the spin and h is Planks constant. Similarly, transport

from right to left is given by:

o0

e

TEEVI®,  (32b)

Quantitatively, the net current density through the barriers is given by the difference in

current flow from left to right and that from right to left. The transmission coefficients,
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T(E,E|,V) are the same in equations (3.2a) and (3.2b) due to the use of the time

independent, 1-d Schrodinger equation. Thus, we can write the net current through the

barrier as:
dk
=B b G 1) - fErev)) fo—LmEEwvi®, 63
(2m)
0

by taking the difference of (3.2a) and (3.2b). Differences in contact doping on each side of
the device are accounted for by proper choice of the Fermi energy with respect to the

conduction band minimum.

3.2 Wavefunction solution within the effective mass approximation

3.2.1 Use of the effective mass approximation
In order to model the current-voltage characteristics of the Resonant Tunneling Diode,
we work within the effective mass approximation. Essentially, the dispersion relationship
is assumed to be parabolic. This allows the use of the free space mechanics to calculate
electron dynamics by assigning it an effective mass, my, for each epitaxial layer within
which it travels. Bulk material values of m,, are used for the epitaxial structures.

The approximations inherent in the use of the effective mass approximation for solving a
heterostructure transport problem must be considered. The effective mass approximation
assumes a periodic potential due to the crystal lattice, this is an excellent approximation for
a homogeneous pure crystal, or for a heterostructure where each material has the same

periodic wave function; but it is possible that the periodic part of the wavefunction is






