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Zusammenfassung

Neuartige Diodenstrukturen basierend auf polaren und nicht
polaren Ill-Nitridhalbleitern

Diese Arbeit befasst sich mit den Mdéglichkeiten der Realisierung von Resonanz-Tunneldioden
auf Basis von polarem und nicht polarem Galliumnitrid.

Zunéchst werden die Materialeigenschaften vom Galliumnitrid und Aluminiumnitrid be-
handelt. Anschliefsend werden einige Themen aus der Theorie der Berechnung von Het-
erostrukturen beschrieben. Die Ergebnisse der Simulation werden ebenso vorgestellt.

Strukturen mit einer und zwei Quantumbarrieren wurden gewachsen und mittels Standard-
Kontaktlithographie verarbeitet. Die hergestellten Dioden wurden elektrisch gemessen
und charakterisiert. Die erzielten Ergebnisse wurden anschliefsend mit der vorhandenen
Literatur verglichen.
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1. Introduction

In 1958 Esaki® first introduced Tunneling effect in semiconductor diodes [1]. Tunnel
diodes promised many new characteristics and circuits which were very interesting for
signal generation and amplification, remote sensing, medical applications and other areas
where high frequency signals were required.

Tunnel diodes were originally made using silicon. They showed a negative differential
resistance in their I-V characteristic curve which could be used to make oscillators.
These diodes have heavily doped p-n junction and used the effect of the transition of
the electron from the conduction band of the n-side to the valence band of the p-side.
But soon researchers realized that these diodes were not suitable for applications since
their characteristics could not be altered so easily [2|. This caused a long sleep of the
technology of the tunnel diodes after that.

Soon after, as alternative semiconductors started to gain more popularity, researchers
started to think about incorporating these new compound semiconductors in the device
structures. So like many other new devices such as high electron mobility transistors,
etc., resonant Tunneling diodes (RTD) were made out of compound semiconductors.

Gallium arsenide (GaAs) was the pioneering material of the III-V compound semi-
conductors. Using GaAs many researchers introduced among other devices resonant
tunneling diodes which were successfully used in high frequency circuits for signal gener-
ation. Most of the gallium arsenide based RTDs used layers of sequentially changing of a
lower bandgap material (GaAs) and a wider bandgap material (AlGaAs) as a potential
barrier. Detailed explanation of the these devices and how they work will be presented
in chapter 3.

RTDs were fabricated in planar and non planar types. The planar structure is mostly
preferable since it is possible to incorporate the device on the same substrate where
passive devices also reside, in order to form the so called microwave monolithic integrated
circuits (MMIC). In non-planar type of RTDs the contacts are placed on top and bottom
of the device. This poses some fabrication difficulties but in most cases a better quality
of charge transport is achieved since the charges won’t propagate laterally. Most of the
RTDs are also connected to some sort of wave guiding setup which enables the insertion
and extraction of the signal and let it propagate forward. One of the many successful
RTDs fabricated with GaAs is fabricated by Orihashi et. al. [3]|, where oscillation in
1THz region have been achieved.

Leona (Leo) Esaki (1925 — present), Japanese physicist.



RTDs can be an alternative to the existing solid state signal generation devices such as
Impact Avalanche Transit Time (IMPATT) and Gunn? diodes. RTDs could be fabricated
in much smaller dimensions and could be integrated with other circuit elements. The
advantages over the non solid state signal generation methods are obvious, except where
extremely high power signals are needed in the 200 GHz range, where the tube based
generators (such as Gyrotrons and Klystrons) are still in use.

As the silicon technology caught up with the speeds that GaAs was originally promising,
other group IIT and V compounds like Indium phosphide (InP), Gallium nitride (GaN)
and even some group II-V compounds like Zinc oxide (ZnO) were introduced. The state
of the art GaAs technology is well established. Other compound semiconductors promise
new application areas because of their unique characteristics but their technology is not
so well established, and their theory is not as well studied as GaAs.

Among many existing compound semiconductors, Gallium nitride was one of the success-
ful materials of the recent years, due to its exceptional thermal and mechanical stability
and its wide bandgap. Like GaAs, GaN could be grown epitaxially and be processed
with standard wafer level operations. This promised a good start in the GaN technology.
Soon achievements made in GaN technology and device fabrication took some prominent
position in the scientific literature of applied solid state physics and technology.

In the 1990s, one of the major achievements in the GaN technology was the blue light
emitting diode (LED) and later the blue laser diode (LD) which were both a great com-
mercial success. But, still getting larger wafers, freestanding GaN substrates and reliable
fabrication are a concern of the researchers and subject of many scientific publications
and dissertations.

More intensive study of the charge transport inside of the GaN devices showed that
due to the crystall structure, large electric fields exist at the heterostructure interface
of the GaN and AIN or GaN and AlGaN. These effects are desireable in the horizontal
structures where the presence of these fields form a charge accumulation which actually
enhances charge transport. This so called two dimensional electron gas (2DEG) shows a
great advantage over the traditional GaAs based HEMT structures in these structures.
The intensive study of the Metal Insulator Field Effect Transistor (MISFET) structures
and other two dimensional devices such as Metal Semiconductor Field Effect Transistors
(MESFET) and High Electron Mobility Transistors (HEMT) shed light on the lateral
charge transport inside layered structures of GaN. The vertical charge transport on the
contrary, has been less frequently subject of research.

Even worse, the polarization field is reported as a problem in the vertical transport of
the charges inside a diode. Here the band bending and the charge accumulation are not
desirable. Some negative effects on the existing light emitting diode technology where
the red shift of the radiation which causes inaccuracy of the emitted spectrum [4], [5].

Since the structure related induced electric fields were inherent in the nature of these

2John Battiscombe Gunn (1928 — present), Egyptian-born US/British physicist.
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problems, researchers tried to examine the the crystal structure of GaN and find a possi-
bility to grow the semiconductor in a direction where the crystal shows symmetry. This
way one might be able to overcome the asymmetry in the direction of charge transport
which cases band bending and change in the carrier energies. Also the piezoelectric
polarization fields are not dominant in the non polar growth directions.

Flat GaN bands as in Gallium arsenide would be a revolutionary success in making
precision devices and circuits. One of the mostly used non-polar growth directions
is the (1 1 2 0) direction. GaN grown in this direction is called "a-plane GaN”. The
term is used on the contrary to the traditional growth direction along the z axis of the
hexagonal structure, the (0 0 0 1) direction, or the "c-plane GaN”, where the numbers in
the parentheses are the so called Miller? indices. Throughout this text the terms a-plane
and c-plane are used frequently.

This work concentrates on studying the polarization in single barrier and double barrier
quantum structures using polar and non-polar nitrides in order to achieve realization of
a resonant Tunneling diode.

1.1. Motivation

Resonant tunneling diodes made of c-plane GaN are still rarities. Except in optoelectron-
ics, other devices made with a-plane GaN are also not so frequently subject of research.
To the authors knowledge, no RTDs have been made using a-plane GaN.

The motivation of this work is to investigate single and double barrier quantum struc-
tures and their characteristics. These structure were designed and simulated in order to
understand the charge transport across vertical structures.

This work has unique points since no previous work on RTDs are known to the author
which are grown entirely with MOCVD. Also investigations of growth of single barrier
structures on top of r-plane sapphire are rare.

3William Hallowes Miller (1801 — 1880), British mineralogist and crystallographer
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2. Properties of |lII-Nitrides

Nitride semiconductors have gained increasing popularity in research and industries.
They have outstanding optoelectronic characteristics. They have a direct bandgap and
their bandgap can be engineered by forming ternary and quaternary alloys. This has al-
lowed application of nitride semiconductors in high frequency high temperature systems.
Furthermore the ITI-Nitrides are inert, which makes them suitable for sensors in gaseous
and liquid environments [6]. The pyroelectric! characteristics of the nitride semiconduc-
tors can also be used to form new electronic devices such as sensors for detection of ions,
gases and polar liquids [7]. In this chapter growth technologies and important material
properties of III-nitrides will be presented.

2.1. Growth Technologies

ITI-Nitrides share some of the common growth techniques which are used for the growth
of conventional III-V semiconductors. Each technique has their particular applications
and usages, their advantages and disadvantages.

2.1.1. Metal Organic Vapor Phase Epitaxy

Metal organic vapor phase epitaxy (MOVPE) produces high quality GaN with reasonable
growth rate and using moderate amount of resources. For this reason MOVPE has
become more or less the industry standard for production of GaN devices such as blue
light emitting diodes and laser diodes.

MOVPE or in our case MOCVD (Metal Organic Chemical Vapor Deposition) utilizes
either a horizontal or a vertical reactor chamber. The Thomas Swan? MOCVD system
used in this work is of the vertical type, with a susceptor capable of holding up to
three wafers. This equipment is depicted in Figure 2.1. The metalorganic compounds
are stored in vessels which are stored in temperature controlled baths. The carrier
gas (Nitrogen or Hydrogen) is passed through these vessels and carries metalorganic
molecules with it into the reactor chamber. Ammonia (N H3) gas bottle is also connected
to the machine and acts as the nitride source. Using computer controlled valves, these

IPyroelectricity is the ability of certain materials to generate an electrical potential when they are
heated or cooled.

2www.aixtron.de
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Figure 2.1.: Our MOCVD equipment in the lab [§]

compounds are guided through pipes into the main reactor chamber and optionally
together with doping material. The main reaction for growing GaN is®:

This reaction takes place on top of the hot substrate where the gas molecules are broken
and the desired material is deposited. For p-doping of GaN, Cpy Mg (Bis Cyclopentadi-
enyl Magnesium) is used which is also stored in one of the bubbler vessels. For n-doping,
Silane (SiH,) is used which comes directly from the gas bottle.

The susceptor is heated using a tungsten heater. This heater is divided into three differ-
ent zones A, B and C. These heating zones should be switched and set during the growth
in an appropriate sequence. Due to the distance between the point where a thermocou-
ple is located below the substrates under the surface of the susceptor, measurement of
the exact temperature of substrates is not possible. So a calibration is needed and it is
done from time to time with a calibration set. During the growth, the susceptor rotates
which facilitates uniform deposition of material on top of the substrates.

2.1.2. Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) can produce high quality GaN with abrupt interfaces.
High quality growth achieved by MBE could be controlled at atomically sharp interfaces.
For the growth of GaN, conventional MBE is not suitable, therefore a variant of MBE,
either plasma assisted (PAMBE) or laser assisted is used because N, cannot dissociated
by using conventional effusion cells. Plasma source (RF or electron cyclotron resonance
plasma) can be used to activate N [9].

The high quality of the MBE has its costs: for MBE ultra high vacuum is needed and
growth rate is very slow. Large amounts of Nitrogen is needed during the process and
the whole setup and its maintenance is very expensive.

34 denotes gas form.
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Figure 2.2.: Schematic of vertical HVPE reactor [9]

2.1.3. Hybrid Vapor Phase Epitaxy

Hybrid vapor phase epitaxy can produce GaN bulk material with a large growth rate (up
to 100um/h). The quality is not comparable with the other two techniques described
above, but the high growth rate makes this method attractive for growing free standing
GaN substrates [10]. HVPE cells could be made horizontally or vertically. The vertical
reactor facilitates the rotation of the samples. Inside the reactor, Nitrogen is used as
carrier gas.

The temperature of the growth zone is kept about 860°C'. In the growth zone GaC'l and
N Hs come to reaction as follows:

GaCl+ NHy — GaN + HCl+ H, (2.2)

Figure 2.2 shows a vertical HVPE reactor. One of the main drawbacks of the HVPE
technique is that the side reaction of the Nitrogen with HC'l which produces NCl3 that
itself is highly explosive. Another drawback is the undesired reaction and deposition of
the wall of reactor. Also care should be taken that HCI doesn’t come in contact with
air, which will quickly destroy the reactor. By-products like GaCl; and N H3Cl could
also condense and clog the exhaust lines unless heated above 150°C". P doping is more
difficult with HVPE process |9] compared to MOCVD and MBE processes.

14



2.2. llI-Nitrides Characteristics

Of the existing III-Nitride semiconductors, Boron nitride, Aluminum nitride, Gallium
nitride and Indium nitride and specifically the last three ones, are mostly used. These
could be found in three different crystal forms, namely the rocksalt, the zinc blende (also
known as sphalerite or S-polytype) and the wurtzite, the last being the most stable in
the room temperature [11]. Except for the BN which is available in zincblende structure,
other compounds could be epitaxially grown to get such a formation under high pressure
conditions. The cubic rocksalt formation could be achieved only in very high temper-
atures for IIl-nitrides. Since nitrides investigated in this work have wurtzite form, this
structure will be described in the following section.

2.2.1. Wourtzite Crystal Structures

The wurtzite structure is hexagonal as depicted in Figure 2.3 with its two lattice con-
stants a (in plane lattice constant) and ¢ (out of plane lattice constant). It is usual
in the crystallography to study the structure of the crystals using Miller indices which
are traditionally 1, m and n. This numbering system is quite satisfactory in the cubic
structures, but for the wurtzite structure, a four-number system is used which is called
Bravais*-Miller index h, k, i and 1. In this system

i=—k—h (2.3)

is a redundant number which is written between k and [ as (hkil). h, k and [ are the
same as traditional Miller indices 1, m and n. The redundant number helps identifying
different permutations. By convention, negative integers are written with a bar on top.

In wurtzite crystal structure polar planes exist. These polar planes are cuts through the
crystal where on each side of the cut, either group III atoms or group V atoms exists.
The primary polar plane for the wurtzite structure is called the basal direction or (0 0
0 1) plane. On every cut the atoms along the c-axis, the surface terminates either with
group three or with group five atoms.

Depending on which atomic layer is the last on the surface, for example in the case of
GaN, the material is called Ga-faced or N-faced. The growth technique decides on
the face of the materials. The surface of GaN grown with MOCVD is terminated with
Ga face while in case of MBE both faces are possible. Since the throughout this study,
MOCVD process has been used, the material used in this work are Ga-faced.

Unlike in zinc blende crystal structure, where all bonds have equal length, in wurtzite
structures, there are two slightly different bond lengths. The growth in the basal di-
rection (along the z axis) shows a large asymmetry in the structure. This asymmetry
causes the an internal electric field in this direction which causes accumulation of charge

4August Bravais (1811 — 1863), French physicist.
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Figure 2.3.: The wurtzite crystal structure [11]

carriers on the GaN side of the interface. This is the origin of the spontaneous po-
larization charges in the bulk of GaN and AIN. Same is with the ternary compound of

AIN and GaN (AlGaN).

Growing Aluminum nitride on top of GaN follows the same hexagonal trend. In Fig-
ure 2.3 in case of a GaN crystal, the white circles show the Gallium atoms (or Aluminum
in the case of AIN) and the black circles are Nitrogen atoms. So on the top most layer we
have a layer of Gallium atoms. If we stop the growth of the GaN and start growing AIN,
we will have Aluminum atoms on top of the structure of the Figure 2.3 with another

Nitrogen layer to follow and so on.

Since the lattice constant of AIN is smaller than that of GaN, besides the spontaneous
polarization, the strain induced polarization field (piezoelectric polarization) is also
present which is a result of the lattice mismatch between two layers of the heterostructure
quantum well e.g. AIN and GaN. Spontaneous and piezoelectric charges add up and make
a strong built in electric field. The direction of these fields are depicted in Figure 2.4.

The key point in avoiding these charges is to grow the crystal in a direction along
which the crystal shows symmetry (see Figure 2.5 bottom) and therefore spontaneous
and piezoelectric polarizations are not dominant any more. In practice, this is achieved
using a sapphire wafer which is cut in the r-plane direction. GaN grown on top of such
sapphire substrate is called a-plane GaN. This is schematically depicted in Figure 2.6.

2.2.2. Polar vs. non-polar GaN

In the example of c-plane InGaN/GaN quantum wells, induced polarization fields of
about 1MV /em could be present [14]. These could result in band bending in hetero

16
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Figure 2.5.: Arrangement of the atoms at the interface of AIN and GaN [13]

interface regions. Also in light emitting diode structures, the resulting 2DEG due to
the built-in electric field decreases the overlapping of electron and hole wave functions
which in turn causes separation of electron and hole pairs (exitons) in the quantum well,

17
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Figure 2.6.: Schematic representation of crystal directions in sapphire and GaN [13]

although still bound inside the well. This is called the quantum confined Stark®
effect and it significantly reduces carrier recombination rate in quantum wells. The
emission of the LEDs will therefore have a red shift due to slow recombination of charge
carriers.

For electron devices such as a HEMT it is desirable to have normally off operation. This
provides safe operation even with a sudden release of the Gate bias and makes GaN
devices comparable with current Silicon technology [13]. The induced 2DEG causes
high sheet carrier concentrations of order of 10*¥¢m =2 which make a possible normally-
off operation difficult. Apart from reduction of carrier concentration by epitaxial design
[15] and recessed gate structure [16], non-polar a-plane GaN could be used to overcome
such problems.

In this work non polar GaN is aimed to use for the resonant tunneling diodes. Flat
energy bands as a result of no polarization field in GaN will allow determination car-
rier concentration only due to doping and the diode structure will have symmetric I-V
characteristics.

®Johannes Stark (1874 — 1957), German physicist.
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| Material c¢[A] a[A] e E,[eV] pe[em®V s pu[em®V1s71] |

AIN 49 311 8.5 6.22 683 14
GaN 5.18 318 9.7  3.434 1478 30
GaAs - 5.66 13.1 1424 8500 470

Si - 543 119 1.124 1430 460

Table 2.1.: Comparison of some material properties [17].

2.2.3. Properties of GaN and AIN

GaN is a very robust semiconductor material with high thermal stability. It could
be doped with Silicon to form n-doped GaN. AIN is one of the non-metallic diamond
like compounds (together with SiC, BeO and cubic BN). These compounds have high
temperature stability and thermal conductivity and are very hard. AIN could almost be
considered as an insulator with its large bandgap, but its semiconducting characteristics
makes this material an interesting choice for quantum barriers for GaN based devices.
Table 2.1 shows material parameters of GaN and AIN which are considered mainly in
this work. For comparison, other semiconductors are also included.

Properties of AlGaN is usually calculated in relation to AIN and GaN using Vegards’s
law which indicates that at a constant temperature, the lattice constant of an alloy has
linear relation with the lattice constants of the constituent crystals. Increasing the mole
fraction of AIN increases the bandgap and the effective mass until respective values of
AIN are reached.

19



3. Theoretical Background

In this chapter, theoretical background of resonant tunneling will be covered. Some
concepts needed for RTD simulations will be discussed. These simulations are based
on theoretical models incorporating quantum mechanical studies of the semiconductor
physics. The basic concepts and theory of simulation used in this work will be described.

In the simplest form an infinite single quantum well could be assumed. The calcula-
tion basis then extends to multiple quantum wells and finite versions of both. Same
calculation is carried out for a single quantum barrier which extends to multiple quan-
tum barriers. Each of the quantum wells or barriers could in general be asymmetric.
Also one could differentiate between type-I and type-II multiple quantum wells. In the
type-I systems electrons and holes reside in the same quantum region whereas in type-II
systems, they are separated (see Figure 3.1). Type-I systems allow fast recombination
of the excited electron states which is more desired in laser diodes. Band engineering
allows such variations in the structure.

B A B A B cC A C A C

Typel Type II
o[ |

O ®)

Figure 3.1.: The one dimensional superlattice in Type-I and Type-II double barrier sys-
tems [18].

3.1. Numerical approaches and Simulation

Computer based simulation techniques are used to model semiconductor parameters
and their behavior in a device. Due to cost effusiveness, device level simulation is an
important part of semiconductor engineering. Most of the device simulators are capable
of performing 1D, 2D or sometimes 3D simulations of the energy levels, band structures,

20



local density of states and even current and charge distributions across layered structures
of the devices. A detailed description of the existing simulators could be found in [17].

A, the de Broglie! wavelength of a particle and p, its momentum, are related to each
other through the Plank’s? constant, h:

h
A= (3.1)

An electron in vacuum in position r far from any disturbances and electric potentials
could be described with state function

¢ _ ej(kor—wt) (32)

which is in form of a wave, with j = /=1, w being the angular frequency, ¢ the elapsed
time and k the wave vector whose magnitude |k| = 27/A. The wave function is a
function of position of the particle, ¥ (z,y,z) and describes the probability of finding
the particle in (x,y, z) at time ¢ [19]. The wave-like behavior of the particles are more
pronounced where the matter wavelengths are comparable to interatomic spaces.

The quantum mechanical momentum acts as an eigenvalue on the wave function ¢ as:
—JhvY = py (3.3)

with p being p = hik and h = h/27 which is often called Dirac’s® constant. The total
energy of a particle in this wave description is called the time independent Schrédinger?
equation:

h2

2m,
with m, being the mass of the electron and F its energy. This is valid for an electron in
vacuum, but in confined spaces wave functions must satisfy certain boundary conditions,
which in turn introduces discrete energy modes as shown in Figure 3.2. In crystals many
atoms are placed near each other, therefore the crystal potentials becomes complex. For
simplicity it is assumed that the mass of electron is constant throughout the crystal and
an empirical fitting parameter called effective mass (m*) is introduced.

Vi) = Ev (3.4)

h2

2m*

V2 = Ev (3.5)

Louis-Victor de Broglie (1892 — 1987), French physicist

2Max Karl Ernst Ludwig Planck (1858 — 1947), German physicist
3Paul Adrien Maurice Dirac (1902 — 1984), British physicist
4Erwin Schrédinger (1887 — 1961), Austrian physicist
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x=0 X =L

Figure 3.2.: The first three allowed standing waves for a particle in a box [19].

with the energy solution being
h2k?
2m*

E =

(3.6)

This is called the effective mass approximation. The effective mass approximation
is best in low electric fields where electrons have low momenta [18]. More information
on effective mass approximation could be found in [20].

It is worth noting that in these calculations, an assumption has been made that the
crystal is infinitely periodic so that the propagation of eigenenergies can be thought to
be like plane waves in vacuum.

The above theory could be extended to calculate bulk semiconductors and hetero struc-
tures. The envelope function approximation makes also use of effective mass ap-
proximation. It states that if effective mass approximation could be assumed for each
single layer of a heterojunction, then the effective mass approximation could also be
assumed to be valid for the heterojunction itself, and even multiples of these hetero-
junctions. Using envelope function approximation, one could solve the 1-D Schrédinger
equation for the whole system [18].

In a more realistic model, at a heterojunction, apart from different effective masses,
other properties such as different band offset, different dielectric and lattice constants
could be taken into account.

3.2. Solution Techniques

One of the mostly used methods for the numerical calculation of the Schrédinger equation
is the shooting method. For simplicity, the one dimensional Schrodinger equation is
considered again as below:

K2 0?2
Com* @

(2) + V(2)i(2) = E¥(z) (3.7)
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Figure 3.3.: Band tilting due to the application of an electric field[18]. Solid lines describe
zero bias and dotted lines describe positive bias

where effective mass and envelope function approximations are assumed. Expanding
the first and second order derivative of the wave function, the above equation could be
brought in the form of [18|

(62)2(V(2) — E) + 2| ¥(2) — (2 — d2) (3.8)

Then using two known values of the wave function 1(z — 0z) and ¢(z), a third value
such as 1(z 4 dz) could be predicted. The initial and boundary conditions used could
be generalized to make this method also suitable for non symmetric structures.

An account for variable effective mass could be made by replacing m* with m*(z) where
the z dependency is obvious. This could be used to care for the one dimensional calcu-
lation through heterostructure with several different layers.

o 1 2
0z m*(z) COR?
In the above equations, in the simplest assumption, V' (z) could be the edge of the
conduction band of a double barrier structure. This equation cannot be expanded by

finite difference methods since dm*(z)/0z has discontinuities and the results will be
inaccurate. More details on suitable expansion methods can be found in reference [18|.

D) = 2V() ~ Blu(e) 39

Applying an electric field at both sides of the heterostructure tilts the energy band as
depicted in Figure 3.3 for a double quantum well structure, where the solid line describes
the zero bias and the dashed line shows application of bias as indicated in the figure.

Instead of V(z) in the previous section, V'(z) is used as below:

V'(z) — V(2) + qF (2 — 20) (3.10)
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where F' is the electric field®, z, being the origin of the field often used in the center
of the structure and ¢ = —e for an electron an ¢ = +e for a hole [18]. This equation
indicates that on each iteration the voltage caused by the additional electric field will
be added to the previous voltage seen by the charge carrier. Due to the application
of electric field, a depletion region appears at the left side. In the case of III-Nitride
heterostructures as described in the previous chapter, the external electric field might
need to fight back or enhance the built-in electric field inside the heterostructure.

So far the calculations have focused on a single charge carrier. But in reality, the
conduction band contains more than one charge carrier. Such carriers might give rise
to additional voltages on top of the usual band edges when they come together. These
additional charges are so high in GaN that could pose an order of magnitude difference.
For this reason the electrostatic field describing the system needs to be calculated using
the Poisson’s® equation.

Imagining a system where equal number of ionized impurities and electrons exist i.e.
charge neutrality could be assumed, and imagining any kind of charge distribution e.g.
caused by a d-doping or the previous calculation of the charge caused by application of
an electric field, the additional potential V,, could be calculated by

vV, = — (3.11)

P
€

which is the Poisson’s relation, with p the charge density and € = €,¢; is the permittivity
of the material”. The general solution is then obtained by the traditional method:

V,(r) = —/ Fedr (3.12)
where F is the electric field and r the position vector. By replacing V(z) in equation 3.7
with

V(z) — Vep(2) + V,(2) (3.13)

where Vep is the band edge potential at zero doping and V, the potential due to the
non zero number of the carriers [18|. This equation is solved iteratively, each time
calculating the amount of charge for a step and then adding it for the next calculation
step to V(z). For each loop, the Schrédinger equation is solved once. This process is
called self-consistent calculation of the Schrodinger-Poisson equation which is repeated
until convergence of the energy eigenvalues is reached. There are other alternatives to
this method such as Hartree’s® many electron approach which is not covered in this text.

5Usually FE is chosen for electric field but here we use F' and save E for energy.
6Siméon-Denis Poisson 1781 — 1840), French mathematician, geometer, and physicist.
"€, is the relative permittivity constant and €y is the permittivity constant of vacuum.
8Douglas Rayner Hartree (1897 — 1958), English mathematician and physicist
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Figure 3.4.: Block diagram of self consistent iteration [18].

3.3. Bandstructure calculations

In the simulation of RTDs, three of the mostly used assumptions are:
e Effective mass band structure [21].

e Thomas®-Fermi'® charge screening where the effect of quantization in emitter re-
gion and charge in well region is not considered [22] .

e Esaki-Tsu'! current density formula where in the 1-D integral the transverse mo-
mentum and energy are assumed to be separable [23].

Each of these assumptions reduce the complexity of calculations to some extent, but also
restrict accurate prediction of experimental results. In this chapter the first assumption
which is mainly related to this work is described.

More information on the second topic which is how Hartree model could be used to
improve electrostatic potential and the charge screening could be found in [24]. Also in
the same work, it is shown that numerical integration over the transverse momentum
offers improved subband alignment over the Esaki-Tsu model.

The movement of carriers in a semiconductor is bound by the crystal forces. Using the
Schrédinger equation and Hamiltonian!? matrices we can determine the eigenenergies
and eigenstates as described in the previous section. After computing the Schrodinger
equation we get a complicated energy-momentum E(k) relationship.

E(k) = f(k) (3.14)

9Llewellyn Hilleth Thomas (1903 — 1992), British physicist and applied mathematician.
Enrico Fermi (1901 — 1954), Italian physicist.

Raphael Tsu, Chinese physicist.

12Sir William Rowan Hamilton (1805 — 1865), Irish mathematician
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The valence band may look like a parabolic curve, but the conduction band mostly
doesn’t since the there are crystal forces which apply to the electron, so the curves have
dispersion.

The dispersion diagram has two parts of attenuation and propagation. Now remem-
bering the expression for the wave function in the right hand side of the E(k) diagram

) oc eIk (3.15)

there is also a complex band which connects the valence and conduction band. This
happens on the negative side of the FE(k) diagram where the states are attenuated
instead of being propagated, i.e. an incident energy into the bandgap of the material
will be attenuated. If a plane wave is injected into the barrier it would be attenuated.
Assuming the same parabolic decay with the same effective mass we can calculate the
attenuation constant k. But again, since the valence and conduction bands are connected
to each other via a complex band, the attenuation constant x is in reality smaller than
when we would be reading from the parabolic attenuation.

P oc eI (3.16)

Figure 3.5 shows the band structure of a typical III-V. The dashed lines is obtained with
the ten band nearest neighbor (sp3s*) model (also called the full band model or
simply ten band model) while the dotted lines indicate calculations with the single
band effective mass model. In the so called single-band model, the dispersion of
the bands in the E(k) diagram is ignored and a parabolic shape for the bands are
assumed. Also it is assumed that bands are decoupled which means the complex
band wrapping in the bandgap region is ignored. The single band model does not
incorporate the real and imaginary band non-parabolicity. This causes calculations for
RTDs to be inaccurate since the simulation results by employing the single band model
were found to be different from the experimental results in reference [24] as below:

e [t predicts a peak resonance current that is a factor of three less than experiment,
e The second turn on voltage is predicted to be at much higher voltages.

Assuming parabolic bands in a double barrier resonator, where L is the resonator length,
the ground level resonance is Ky = 7 the first excited level is on 27”, that is resonances
occur at %’r, 47”, etc. of the well length with L being the well width. The resonance
locations are given by the energies corresponding to these wavelengths on the F(k)
diagram. As it could be seen in Figure 3.5, the right side diagram shows that since
the single band model is parabolic, the dispersion shown is increased compared to the
non-parabolic case. This in turn shows a higher exited energy as shown in Figure 3.6
and accounts for higher turn on voltage [24| which causes higher turn on voltages. Also
the valley current is underpredicted at least by two orders of magnitude [24]. Barriers
are much more transparent than the single band model would suggest. So for the same

eigenenergy of the system, the current peak is higher than in the single band model.
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Figure 3.5.: (Left) Approximate resonant energies. (Right) Band structure of a typical
III-V calculated by full (ten) and single band models [24].
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Figure 3.6.: Numerically calculated resonance energies for the InGaAs/InAlAs RTD us-
ing single and full (ten) band model [24]. Figure shows energy levels of two
barriers and one well in relation to the distance from top of the device.

The complex band wrapping suggests a lighter effective mass which could be seen in
Figure 3.7 (left), i.e. a particle which is tunneling through the bandgap will be less
attenuated in reality than is suggested by the single band model.

In real semiconductors, complex bands connect two real bands as depicted in Figure 3.7
(right) and are not parabolic. In the single band model in contrast an assumption is
made that these bands are parabolic. Now assuming we have a barrier which is so
high as the half of the mid bandgap. Then for a tunneling through this barrier the &
predicted by the single band model is higher than the one predicted by the full band
model. This in turn means that the single band model predicts the bandgap having
much more attenuation than the ten band model. This is schematically depicted in the
bottom left part of Figure 3.7. Resonance widths predicted by the single band model
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Figure 3.8.: Transmission coefficient versus energy for single and full (ten) band models
[24].

will be smaller than reality and result in lower tunneling currents [24]. This aspect is
shown in Figure 3.8.

Using the single band model and using one effective mass and some considerations of
scattering, calculations could be carried out. These calculations are very rough and fail to
describe the variations of the material in the nano meter scale [25]. In heterojunctions,
the bands are misaligned which makes the whole calculations more difficult. On the
contrary the full band model, tries to compensate most of the deficiencies of the single

band model.

The explanation of the theory behind the full band model will exceed the limits of this
work. Further information could be found in [26] and [27].
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3.4. Modelling of Strain

Modelling of strain is needed in order to make realistic calculations in semiconductors.
A mechanical force changes the positions of the atoms in a crystal. If the moved lattice
points (or sites) return to their original point after removal of the mechanical force, the
deformation is described as elastic [18]. If « is the displacement vector, which itself
could be a function of position (4 = (7)), a second rank tensor could be defined for the
displacement of the lattice

1 816@ (9uj
Eij = = +

2 al'j aLCZ
where the uq, us and us are the relative displacement of the lattice in the direction of

the 1, x5 and x3 respectively. The diagonal components of the strain tensor are called
the stretches and the off diagonal components describe the rotation.

) 1,7 =1,2,3 (3.17)

€11 €12 €13
€ = €21 €99 €93 (318)
€31 €32 €33

If a crystal is under external forces, or is applying a force on a neighboring part, then
the crystal is said to be in stress. The stress is usually defined as force per unit area of
the crystal and is denoted as . Strain could be uniaxial or bi-axial depending on the
existence of components in only one or two dimensions. Stress is in relation with strain
components under Hooke’s'? law.

3 3
€ij = Z Z Sz'jklo'kl (319)

k=1 I=1

where S;ji; are called elastic compliance constants. The equation could be rewritten as

[18]:

3 3
O‘ij = Z Z C’ijklekl (320)

k=1 l=1

where Cjji is called elastic stiffness constant. In a so called Voigt’s'* notation with
proper renaming of the constants, equation 3.20 could be written as:

6
045 = Z C’ikek (321)
=1

13Robert Hooke (1635 — 1703), English philosopher and polymath
MWoldemar Voigt (1850 — 1919), German physicist
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The C-matrix for the hexagonal structure has five components due to many symmetries
instead of 36 which is the general form considering all directions. For hexagonal c-plane
GaN, this would look like [18]:

01 Ciu Cip Ciz 0 0 0 €1
02 Cip Cnn Ciz3 O 0 0 €2
o3 | _ Cis Ciz Cs3 0 0 0 €3
0 | 0 0 0 Cu O 0 €4 (3.22)
0 0 0 0 0 044 0 €5
0] L0 0 0 0 0 iCu-Cu)]|/|e,

A crystal is always stable with minimum strain energy. This energy is the one required for
deforming the lattice which is defined as sum of the work done by the stress components
acting on the crystal [18].

Quantum wells are thin epitaxial layers which are grown between two barrier layers. If
we assume that the area of the substrate is infinite, then the lattice constant of the grown
crystal is forced to match that of the substrate material. This could be either in a tensile
or in compressive form. Since in the growth direction, there are no forces acting upon
the grown layer, a bi-axial stress exists which results in the so called in-plane strain,

€| which is calculated as
ag — qy

(3.23)

4=,
l
with ag and a; being the in plane lattice constants of the substrate and epi layer re-
spectively. If multiplied by 100, ¢ could be written in percentage. Compred to an
AlGaAs/GaAs system which has a € of smaller than 0.1%, for an AIN layer grown on
top of GaN where q; is the lattice constant of AIN and aq the lattice constant of GaN,
€| = +2% of tensile strain [18].
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Due to the thickness dependency of the elastic energy, after a certain thickness (the
critical thickness), the epilayer relaxes. This relaxation causes defects and misfit dis-
locations. On the other hand, a pseudomorphic growth is referred to a growth
which allows the lattice constant of the grown layer to fully match that of the substrate.
So for good quality devices, pseudomorphic growth is necessary.

An effect called Poisson effect causes the crystal to have also an stress component in
the growth direction although initially o3 = 0. The compressive strain forces the in
plane lattice constant to shrink, then the lattice constant in the growth direction will
increase. The reverse is true for tensile strain (see Figure 3.9). The strain in the crystal
also deforms the bandstructure.

By solving equation 3.22 for hexagonal wurtzite it could be concluded that

€1 = € = €| (3.24)
C
€3 = —20—;261 (3.25)

and in the matrix form (see equation 3.18) after application of Voigt’s notation:

€1 0 0
e=| 0 a 0 (3.26)
0 0 —2%61
Cs3
where the relative change in volume could be determined by [18]:
av Ci3
— =26 (1— = 3.27
v oo ( 033) (3:27)

Some semiconductors gather charge under their surface if under stress. Non compensated
charge due to stress in the volume of the crystal gives rise to the piezoelectric effect.
As depicted in Figure 3.10 like in the case of GaN, these uncompensated charges induce
a global polarization vector.

The piezoelectric vector has three components P;, P, in the growth plane and P5 in the
growth direction. With its relation to strain we define a 3 x 6 matrix of piezoelectric
moduli, which again for the case of GaN, due to the crystal symmetry, reduces to 3.

o1

1 02

P 0 0 0 0 3di5 O 5
PB|l=|10 0 0 5 0 0 0 (3.28)

P3 dBl d31 d33 0 0 0 0

0
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Figure 3.10.: Schematic illustration of the charge separation in c-plane GaN|[1§]

P3 = d31(0'1 + 0'2) = 2d310’1 (329)

which with o7 = ¢ (C’H + Cg — 22—%) reduces to:

C'123 Cis
Py = 2d3,¢; (011 +Cho — 20—) = 2¢; (631 - 6330—) (3-30)
33

33
where in the literature, the piezoelectric constant e is defined as

6
€kl = Z Cik€k- (3.31)
j=1

2

C
As the term (CH + Chg — 20—13> > ( is always greater than zero, the sign of the po-
33

larization is determined by sign of the strain [18|. So P is always positive for layers
under bi-axial compressive strain, and negative under tensile strain. This was previ-
ously depicted in Figure 2.4. Equation 3.30 also indicates that a constant strain induces
a constant polarization.

At the surface, a gradient of piezoelectric polarization P appears which results in a
charge density

pp=—VP (3.32)
Imagining a system of n-layers, the resulting electric displacement vector D; of the

adjacent layers are equal.

D; = D (3.33)

32



F,, (MV/cm)
=

| S T |

O 0204 0608

Figure 3.11.: Calculated induced piezoelectric field in GaN F,, well and two Al,Ga;_, N
barrier layers Fj, [18].

with 51 = giﬁi + ]31‘7 where ¢ is the permittivity. For n-layers, n — 1 linear equations
could be solved with proper boundary conditions. The solution of the system could be
derived for a well /barrier structure

Pb,w - Pw,b)lb,w
19 (lw + lb)
with F' being the magnitude of the piezoelectric field, P, and P, the magnitude of
polarization and [,, and [, the respective layer width. This is illustrated in Figure 3.11
for an AlGaN/GaN/AlGaN structure where the piezoelectric field in the well and barrier

layers are calculated as a function of barrier layer composition. For a 20A AlGaN well
the electric field is as large as 5SMV /cm and for a 60A well still around 1MV /em [18].

(3.34)

Fw7b:<

The overall potential drop across the quantum well must be zero so the electric fields
must have opposite signs which implies that the thinner the layer is, the higher the
electric field will be.

Ful, + Fpl, =0 (335)

Finally, in the quantum well, if the density of the carriers is comparable to the in-
duced piezoelectric induced charges, then the piezoelectric field could be suppressed or
screened, but usually the doping level in the quantum wells are not sufficient enough
for this (unintentionally background doping).
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4. Semiconductor-Insulator-
Semiconductor Structures

Structures with a single large bandgap barrier between two lower bandgap semiconduc-
tors are often called semiconductor insulator semiconductor (SIS) because as in the case
of GaN/AIN/GaN the bandgap of the barrier layer is so high that according to the def-
inition it might as well be considered as an insulator. These structures could be used to
study charge transport across a quantum barrier. Instead of showing quantum confined
energy states inside a well, a single barrier is able to show tunneling effects through the
barrier.

4.1. The Single Barrier

When a classical particle is incident on a potential barrier of height V', it has a 100%
probability of transmission if its energy £ > V| and while being reflected with 100%
probability if £ < V. In contrast, this is not the case in quantum mechanics due to
the wave-like nature of the particles. An incident electron has a finite probability of
Tunneling through a thin barrier even when £ < V' [19].

In ITI-V semiconductors, a single barrier Tunneling can be formed by sandwiching a thin
layer of wide bandgap material between two narrower gap materials. The transmission
probability, and hence the tunneling current decreases exponentially with increasing
height and width of barriers and is also dependent on the impurities in the barrier and
surrounding semiconductors [19].

A measure of quantifying of charge propagation through a barrier is the transmis-
sion coefficient which describes the probability that any single electron would tunnel
through the barrier. This could be mathematically formulated as [28].

T(E) = L E <V (4.1)

K2+ s2\? )
1+< S ) sinh?(kL)

where L is the barrier width and V is the barrier height and

vVom*E
h

k= (4.2)
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K= (4.3)

For values of E larger than the potential barrier, Kk — jk’ (j = v/—1), which means x
becomes imaginary and hence

1
T(E) = PRI E>V (4.4)
1+ ( T ) sin?(k'L)
where
2m (B -V

o=V (h ) (4.5)

When
KFL=nr , n=1,2,3,.. (4.6)

there will be oscillations since the sin term becomes zero [18] and the 7" = 1. Putting
this into equation 4.4 will imply that these resonances occur when

(nhm)?

E—
2m* L2

+V (4.7)

The graphs in Figure 4.1 show the results of the calculations above for a fixed barrier
height V' of 100 meV in a AlGaAs/GaAs system.

Figure 4.1(a) shows that as far as £ < V/, then the thinner the barrier is, the higher is the
probability of Tunneling. But above the height V, where ¥ > V| the thicker the barrier
is, the closer the first resonance is to the top of the barrier. This could be explained by
equation 4.7 when L — oo. For a fixed L and variable V', the first resonance always
occurs at the same distance from the barrier top as depicted in Figure 4.1(b). Both
Figure 4.1(a) and Figure 4.1(b) show that the squared dependence causes the peak of
the transmission propability to occur at higher intervals.

4.2. Previous works on Single Barrier Structures

Bykhovski et. al. have worked on the influence of the strain-induced electric field on a
c-plane single AIN barrier [29].

Herrman et. al. [6] studied the carrier transport across a single barrier. Figure 4.2
shows how barrier height is affected by the increasing barrier thickness. As depicted in
Figure 4.3 the I-V curve of the structure is asymmetric due to the polarization charges.
Keeping the transmission probabilities of Figure 4.1(a) in mind, the magnitude of the
tunneling current is affected by the depletion of the emitter region due to the polarization
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Figure 4.1.: Calculated Transmission coefficient in a single barrier [18|

charge accumulation, and therefore resulting in asymmetric I-V curves. They concluded
that the vertical current in the single barrier structure depends on the barrier thickness

and the Al composition, revealing an asymmetric dependence on the bias voltage.

Leconte et. al. studied the principles of charge distribution across a single AIN barrier
[30]. They used PAMBE to grow on top of 10um thick GaN on sapphire and 600nm
n.i.d. GaN buffer. The thickness of barriers then varied between 0.5nm and 5nm. The
thickness of the cap layer was then varied between 25nm and 150nm. In their simula-
tions with NextNano3, they assumed a GaN residual doping of 5 x 107em=3. They
calculated an induced electric field of about 12MVem™ in the barriers and hence a
strong asymmetry. The positive polarization induced bound interface charges were par-
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Figure 4.3.: The calculated I-V curve for different sheet carrier densities [6]

tially compensated by the 2DEG, whereas the negative polarization-induced charge at
the other side depletes the cap layer. With photoluminescence and capacitive measure-
ments, they confirm the existence of the 2DEG and depletion region. Using conductive
atomic force microscopy (C-AFM) they verify the leakage current spots to be in the
range of 107ecm ™2 which was lower than the dislocation density 5 x 108¢m=2. With the
5nm barrier size they observe an enhancement in the leakage current and degradation
of the electrical performance, which they attribute to the relaxation of the AIN barrier
layer.
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In conclusion, they suggest, small diode sizes and thin barrier layers should be used for
devices like RTDs.

4.3. Simulation Results

The results of the I-V and band structure simulations of both polar and non polar
structures with WinGreen [31] is presented in this section. WinGreen provides a single
band model for wurtzite GaN and features calculation of the plot of the local density
of states (LDOS) for each corresponding bias point. A structure used for simulation in
this work is shown in Table 4.1. This structure was grown with MOVPE and fabricated
(sample No. HFTS158). The experimental results will be discussed in the following
section. A simulation result for HF'T'S-158 is depicted in Figure 4.4 for a sheet carrier
density! of 0 = 5.6x10'3c¢m =2 which is assumed to be the fully strained AIN on GaN with
spontaneous and polarization effects included [6]. The location of the 2DEG is clearly
visible. Figure 4.4(a) depicts the energy band diagram of HFTS158 without bias. Due
to polarization effect, 2DEG at the heterointerface can be observed. Figure 4.4(b) shows
the same structure at a bias of 1.11V. It could be seen that increasing the bias voltage,
increases the induced 2DEG on the right side of the barrier. Also the application of a
bias voltage changes the number of carriers in the emitter side and the depletion region
disappears by further increase of the bias voltage. Figure 4.5 shows the calculated local
density of states across a single barrier of HFT'S-158, where the transmission levels could
be seen for higher bias voltages. The darker the area in the LDOS plot is, the higher
is the probability of the existence of charge carriers. The 2DEG region could be seen,
which is a dark area. One of the main shortcomings of the WinGreen software is the
missing space charge region on the left side of the diagram.

Figure 4.6 and Figure 4.7 show the calculated simulation plot of potential and charge
distribution of a 2nm single barrier and the corresponding local density of states plot.
It could be seen that the thinner the barrier is, the smaller is the amount of polarization
charge induced 2DEG.

4.4. Experimental Results

4.4.1. Growth

Three wafers were grown for the study of the single barrier. HF'T'S-158 has the structure
depicted in Figure 4.8. HFTS-183 has also the same structure but with less doping
on the cap layers. HFTS185 has the same structure and doping as HFTS-183 but with
about 20% less barrier thickness in order to study the impact of barrier thicknesses in SIS
diodes. A superlattice was used to enhance the quality of the growth as also was done

'In this chapter o denotes sheet carrier concentration unlike in the chapter 3 where it denoted the
stress
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Figure 4.4.: A simulation plot of Potential and charge distribution on HF'T'S-158
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Figure 4.5.: A simulation plot of local density of states on HFTS-158

by Hermann et. al. in [6]. They concluded that the superlattice reduced the dislocation
density in the template. A similar structure was grown on r-plane sapphire wafer (a-
plane GaN, HFTS-242). Table 4.1 summarizes the growth results for the SIS structures
and Figure 4.9 shows their surface morphology. As it could be seen in Figure 4.9, the
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Figure 4.6.: A simulation plot of Potential and charge distribution on a 2nm single barrier
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Figure 4.7.: A simulation plot of local density of states on the same structure as HF'T'S-
158 but with a 2nm barrier

surface morphology of the r-plane sample, is much rougher compared to the c-plane
growth.
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Figure 4.8.: Growth structure of HFTS-158 (not to scale)

4.4.2. Fabrication

The wafers were first diced and cleaned. Using AZ1518 they are glued to sample
holders. After application of AZ4533 photo resists (PR) devices were patterned using

http://www.microchemicals.de
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’ Wafer Name Structure Cap Doping Results

GaN 30 nm Top (Emitter):
6.4 x 108em™3
HEFTS-158 AIN 7 nm Bottom Cracked surface
(Collector):
GaN 30 nm 3.0 x 10%8em =3
Top (Emitter):
4.2 x 108em™3 Less surface
HFTS-183  Same as HFTS-158  Bottom cracks than
(Collector): HFTS-158
3.0 x 10%em—3
GaN 30 nm
Same as HFTS-
HEFTS-185 AIN 6 nm 183 * but Wl'th Best surface morphology
20% less barrier
thickness
GaN 30 nm
HFTS-242  Same as HFTS-158 Same as HFTS-185 ~ 1xtremely rough
surface

Table 4.1.: Wafers grown for SIS Structures

ultra violet (UV) contact lithography and developed with AZ400K developer. After
descumming with Oxygen plasma, dry etching was done with a reactive ion etching
(RIE) machine from Oxford Instruments® for mesa isolation.

The etching depth was determined using an a-step profiler. After the removal of photo
resist with PRS1000, metal contacts were deposited using electron beam evaporation
(EBE). A multilayer of Ti/Al/Ti/Au each with 25nm/150nm/25nm/222nm layer thick-
ness was deposited. After the deposition, the samples were soaked in Acetone overnight
to facilitate easy lift-off operation. Then the samples were prepared for the thermal
annealing process after which they have a typical form. Figure 4.10 shows the image of
a processed diode after thermal annealing of the metal contact. In this figure the ohmic
contact on top of the etched mesa is clearly visible.

The devices were fabricated in different geometries, ranging from 16 pum to 32um. This
diameter is shown as “D” in Figure 4.10.

3http: //www.oxford-instruments.com /
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) Surface of HFTS-158 ) Surface of HFTS-183
) Surface of HFTS-185 ) Surface of HFTS-242

Figure 4.9.: Surface morphology of the grown for single barrier structure wafers

| Wafer Name  Rc[Qmm]  Rg[Q/00] Rgc[Qem?] |
HFTS-158 1.9 x 107 3%e-3 0.378 1.94 x 1077
HFTS-183 2.3 x 1073 1.02 1.06 x 1077
HFTS-185 1.2 x 1073 0.65 4.62 x 1077

Table 4.2.: Transmission line measurements for single barrier wafers.

4.5. Measurements

4.5.1. Transmission Line Measurements

Using the available square patterns on top of each sample after thermal annealing,
transmission line measurements were carried out. The TLM patterns consisted of 7
square pads each 50um by 50um. The distances between these pads were 2, 3, 6,
9, 12 and 15 microns. Contact resistance R, sheet resistance Rg and specific contact
resistance Rgc could be measured as listed in Table 4.2. For these calculations a parasitic
resistance of Rp = 10€) was assumed.
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(a) 10x zoom

(b) 50x zoom

Figure 4.10.: A fabricated diode on HFTS-183

4.5.2. Current-Voltage

DC measurements of the samples confirm the asymmetry of the I-V curve of the devices.
The measured [-V curve is depicted in Figure 4.11.
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Measured |-V for polar single barrier
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Figure 4.11.: Measured I-V curve for samples HFTS-158, HF'T'S-183 and HFT'S-183
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Figure 4.12.: Difference in the measured forward and backward voltages for c-plane sam-
ple

By calculating the ratio of the backward current to the forward current, one could see
how asymmetric these graphs are. This is depicted in Figure 4.12.

Figure 4.13 shows the measured I-V curve for the non polar sample. As it could be seen
in Figure 4.14 these curves are much more symmetric compared to the c-plane samples.

Figure 4.15 once again shows I-V measurement of HFTS-158 and a simulated I-V of
the same structure. The simulated [-V has a current magnitude which is much higher
due to the shortcomings of the single band model calculations. So the amplitude of
the simulated data has been normalized to the real measurement in order to be able to
compare the shapes. The shapes are roughly the same, but the simulation models still
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IV Characteristics for non polar SIS
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Figure 4.13.: Measured [-V curve for sample HFTS-242

Ratio of backward current to forward current

2.57

Current Density Ratio
N

—non polar HFTS-242-3-D2
---ldeal

0 0.5 15 2

1
Voltage [V]
Figure 4.14.: Difference in the measured forward and backward voltages for non polar
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need improvements.
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IV Characteristics for SIS
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Figure 4.15.: The comparison between the simulated and measured I-V for the HFTS-
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5. Double Barrier Resonant
Tunneling Diodes

5.1. The Double Barrier

In a double barrier structure, two barriers are separated by a thin narrow bandgap
semiconductor layer. If the barriers were wide enough, we can clearly recognize the
central region as a quantum well with a set of confined state energies F;, Es, etc. Even
with narrow barriers there will be resonant states in the well region. The Tunneling
probability through the double barrier structure as a function of incident energy, E can
be calculated. Except at the positions of confined states, the tunneling rate decreases
with increasing barrier height, except that near the confined state energies, F1, etc.

Datta has deduced the transmission coefficient across the double barrier structure [32]
for the case of symmetric barriers. After writing a set of equations for each section of
the device, the whole equation system could be simultaneously solved to get T'(F) which
is presented in the graph of Figure 5.1(a) for a barrier height of 100meV and a barrier
thickness of 100A. In this figure, L is the distance between the barriers and the effective
masses were taken to be equal to the balk I' valley electron mass of 0.067mg in GaAs
system.

The main difference between the double barrier and the single barrier case is the existence
of the Dirac terms, i.e. peaks in the function in the case of E' < V. This means that the
transmission coefficient becomes unity for certain energy levels. These are non-stationary
states where electrons and holes scatter to lower energies outside of the barrier. These
energies are also called quasi-bound states, since they resemble the bound states inside
the regular quantum well [18].

Figure 5.1(a) also shows that increasing barrier thickness decreases 7' apart from the
energies where T is at resonance. Another almost intuitive consequence (which is shown
in Figure 5.1(b)) is, that increasing the barrier height by adding more Aluminum in
the alloy, would increase the resonance energies due to confinement effects. Eventually
(higher) quasi-bound states also appear.

Since the transmission coefficient is not a measurable quantity, the usual way is to mea-
sure the current-voltage (I-V) characteristics of the device. A schematic representation

of such a resulting I-V curve is shown in Figure 5.3, where three different regions could
be identified.
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Figure 5.1.: Transmission coefficient as a function of energy [18]

Electrons that exist in the lattice, no matter what their origin is (through doping or
intrinsic), are incident on one side of the structure when an electric field is applied. They
have an energy distribution since not all of them have the same energy and momentum
which is described by the Fermi-Dirac distribution. Carriers with same energy as the
resonance energy can pass through the structure without any hindrance which is the
definition of the resonant tunneling. This is shown in Figure 5.2. As the electric
field increases, the number of carriers with resonance energy increases. The peak of the
number of carriers is reached when the Fermi level of the semiconductor on the incident
side! is brought into alignment with the resonance energy [18]. Increasing electric field,
moves up the bottom of the bulk conduction band relative to the center of the double
barrier structure by AF, which is given by:

Where F' is the field as shown in Figure 5.3 in region I. After the peak is reached,
the energy levels fall off resonance and the negative region happens where less and less
electrons have the same energy as the resonance, although the applied electric field is
still growing. As the energy distribution continues to shrink, the curve shows the so
called valley current as shown in Figure 5.3 in region II. The valley current would be
zero in the absolute temperature (0°K).

Higher electric fields accelerate more charge carriers with energies higher than the barrier
and shoot them over it. Then the current increases again as shown schematically in
Figure 5.3 in region III.

ISometimes called the emitter in the literature.
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Figure 5.3.: The schematic current-voltage characteristics of NDR region [19].

The conductivity decreases with the increasing temperature, as shown in equation 5.2,

1
NE) = S 1 1

(5.2)

where f is the probability that a given available energy state will be occupied at a
certain temperature, k£ the Boltzmann constant, 7' the temperature and Ey the quasi-
Fermi level. As the temperature decreases, since the number of electrons which posses
the resonant energy are reduced which means, the width of the distribution is reduced
so the current voltage curve peak width is also reduced. This is shown in Figure 5.4. In
this figure, the non zero current is due to the simplicity of the chosen model [18].

This effect can be used to achieve negative differential resistance (NDR). The double
barrier structure is designed with n-doped layers on either side of the undoped double
barrier region so that a good transition to the ohmic contacts are guaranteed. For zero
bias, electrons incident for example from left are off-resonance. When a positive voltage
is applied, much of the applied bias is dropped across the undoped barrier region, so
that resonant Tunneling becomes possible, leading to sharp increase in current. With
further applied bias, the incident resonant moves off-resonance, and the Tunneling and
hence the current reduces with increasing voltage, giving a NDR region [19]. In this case
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Figure 5.4.: Temperature  dependent  current-voltage curve for the 100A
AZO,QGCLO,SAS/E)OA GaAs/lOOA Alp2GapgAs of the Figure 5.1(b) [18]

—

n+ GaN  AlGaN GaN AlGaN n+ GaN

—Ddx_
Resonance

|

Zero Bias

Off Resonance

Figure 5.5.: The negative resistance in a double barrier structure, after [19]. Arrows
show direction of electron transport

the central resonance will disappear under the sea of electrons i.e. under the conduction
band edge. Figure 5.5 shows the above process schematically. Assuming the barrier is
infinitely high, then infinite number of NDR regions would appear, but since usually
the electric field causes an increase in the carrier to much higher values than the barrier
height, the curve never comes down a second time.

In general, calculations could be extended to asymmetric barriers with different barrier
heights. The study of this case could be seen in [28]. Asymmetric barrier heights could be
achieved by different mole fractions of each barrier layer. In this case, the transmission
probability will be reduced, because the solutions of the system of equations will change,
meaning fewer alignments are possible through the whole system of barriers and wells.
The best transmission occurs when the barriers are perfectly symmetric.
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Resonant tunneling can occur not only over two barriers. The general solutions of a mul-
tiple quantum well device will also contain resonant levels which may be completely
different from the solutions of a double barrier system.

5.2. Applications of RTDs in Signal generation and
Amplification

The NDR properties of the RTDs are specially interesting for applications concerning
multiply-valued logic and sub-millimeter wave generation. For the generation of mil-
limeter waves RTDs could be used as oscillators, with different application fields like
radio astronomy, remote sensing of atmosphere, material research spectroscopy, plasma
diagnostic experiments and radar imaging techniques [33].

The small size of RTD based oscillators is of interest for space-born applications com-
pared to the bulky setup of the Gunn diode oscillators. [33]. Resonant Tunneling effect
is also used in quantum cascade laser devices [19].

Double barrier resonant tunneling structures are also used in resonant tunneling tran-
sistors where the gates are placed to the sides of the structure [34]. These devices
are sometimes called resonant tunneling hot electron transistors (RHET) [35]. Other
applications in digital circuits could be found in [36].

5.3. Previous works on RTDs

Experimental results on GaN RTDs have rarely been successful. Still the procedures are
not reproducible. In 2002, Kikuchi et. al. used RF-plasma assisted MBE (PAMBE) to
grow a structure which consists of a 3 monolayer (ML) GaN well between two 4 ML of
AIN barriers. Cap layers were n-type GaN between N = 8 x 10®¥cm =2 and 1 x 10%em =3
[37].

Figure 5.6 shows the I-V curve presented by Kikuchi et. al. They observed an NDR at
the bias voltage of 2.4V, a peak to valley current ratio (PVCR) of about 32 at a peak
current density of 180Acm 2. In this experiment a positive voltage sweep was applied.
In a following paper [38] and a comment by Belayev et. al. it was also discussed that
the measurements are always dependent on the sweep direction. [39].

In 2002 Kishino et. al. fabricated a 4 ML AIN/ 3 ML GaN /4 ML AIN with a cap
doping of N = 8 x 10'7cm ™3 [40] using RF-MBE. They measured a 60 peak current at
2.4V with a PVCR of 3.1 corresponding to a current density of 930mAcm =2 which is
shown in Figure 5.7.

In 2003 Foxon et. al. have reported current-voltage instabilities in a 2nm Al/2nm
GaN/Inm AIN structure using molecular beam epitaxy [41]. The Inm AIN layer was

o4



[]II
0 1 2 3 4 5 6

Voltage (V)

Figure 5.6.: Measured I-V curve of the RTD by Kikuchi et. al. [37] and [38].
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Figure 5.7.: Measured I-V curve of the RTD by Kishino et. al. [40].

the upper barrier in the structure. Diodes had a lateral diameter of 100um and were
grown on MOVPE grown GaN templates. At the time of measurement, the forward bias
was applied to the top contact, therefore injecting electrons from bottom. A current peak
was visible at the initial reverse bias at -6V with a PVCR of about 4 which is shown in
Figure 5.8.

They confirmed reduction of the peak amplitude after each subsequent measurement,
and the current at any given voltage was found to be dependent on the direction of the
sweep. Moreover they found persistant disappearance of the current peak in the opposite
(negative) sweep direction. This was believed to be due to bias dependent trapping
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Figure 5.9.: Measured I-V curve of the RTD by Hermann et. al. [6].

of tunneling electrons in and around the quantum well is responsible for this behavior,
since the I-V curve shows weak dependence to magnetic field and the current instabilities
increase in lower temperatures. A large concentration of interfacial and dislocation states
specific to nitride heterostructures mask the electron tunneling behavior.

In 2004 Hermann et. al. have reported an AIN/GaN RTD where defects in the AIN
barrier short circuited the tunneling current [6]. The structure of the RTD was 6nm
GaN well sandwiched between two 3nm AIN barrier, then 30nm of undoped GaN Spacer
on each side. For the cladding layers they used n-type GaN with N = 8 x 108em 3.
Figure 5.9 is the I-V curve measured by Hermann et. al.

They observed an NDR with the peak voltage at the bias of 1V, a peak to valley current
ratio (PVCR) of about 8.3 at 600uAcm~2. They confirmed that the polarization charges
largely shift the I-V curve, but still the leakage currents were the major problems and
that the quality of charge transfer is very much dependent on material quality. They
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Figure 5.10.: Measured I-V curve of the RTD by Golka et. al. [42].

concluded that the optimized MBE growth temperature for the AIN barriers is 720°C'.

In 2006 Golka et. al. used low dislocation density templates with sophisticated fabrica-
tion process to produce single diodes of down to 6um diameter in a 2nm Al 7GagsN /
2nm GaN / 2nm Aly;Gag 3N system [42]. They used a cap doping of N = 5 x 108em 3.
They used Si0, passivation of the surface of the device, making it possible to reduce
the lateral size of the diodes, cover them with the passivation layer, then connect a large
pad of metal contact over the passivation layer up to the top contact of the diode. Most
of their devices show exponential background, but they could differentiate between two
groups of sharp NDR and smooth NDR. As other groups found out, the sharp NDRs are
random in their peak voltage and their drop in current is unrealistically sharp so that
these have been ignored. Figure 5.11 shows the measured smooth NDRs (F1 to F5) and
the sharp NDRs (G1 and G2).

They also confirm the change in the retrace of the measurement. After each resonant
peak, the peak is shifted to higher voltages. They find that the envelope of these traces
show an original NDR, shown as dashed lines in Figure 5.11. Figure 5.10 shows pulse
measurements (1.7%, 850ns, 20KHz) versus continuous time measurements. Restoring
charge traps are achieved by thermal treatment.

In 2008 Leconte et. al. fabricate 6um mesas in a 0.5nm AIN/0.5nm GaN/0.5nm AIN
system [43|. They also measure samples with non-stable high current level, and others
with reproducible low current level. An NDR could be seen only by applying positive
sweep at 1.5V with a PVCR of 3.2. Figure 5.12 shows the [-V curve of the stable devices.
In high current state the current doesn’t reduce with increasing well thickness, but in
the low current state, it does, where if could be considered as an indication of tunneling.

They conclude that the existing bi-stability and the abrupt change from high current
to low current state could be attributed to charge trappings. In a separate work [30],
Leconte et. al. show that dislocation densities of their sample is about 107e¢m =2 where
they could expect an average of 3 leakage paths per mesa.
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Figure 5.12.: Measured I-V curve of the RTD by Leconte et. al. [43].

During the present study, there are no works known to the author describing the pro-
cess of non-polar RTDs. Table 5.2 lists the summary of the works done on DB-RTD
structures.

5.4. Simulation Results

In this section the simulation results of the double barrier RTD with WinGreen [31]
software are presented. By controlling the layer structure, polar and non-polar structures
were imitated and their I-V curve were compared. AlGaN and AIN were considered as a
barrier layers. In the case of AlGaN layer, Al composition was 30%. In these simulations,
a sheet carrier concentration of o = 5.6 x 10'3cm =22 was assumed which corresponds to
a fully strained AIN layer [12]. For the 30% AlGaN, the value of 0 = 1.7 x 103¢cm ™2
was used. This has been calculated by Ambacher et. al. in [12] which could be seen in
Figure 5.13.

’In this chapter ¢ denotes sheet carrier concentration unlike in the chapter 3 where it denoted the
stress
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Figure 5.13.: Calculated polarization induced charges vs. alloy composition [12].

In the simulation software (WinGreen), this layer could be added as one monolayer
of AIN (or AlGaN respectively) below the barrier. In all these simulations, the simu-
lated barrier-well-barrier layer structure is given in the caption of each graph, plus an
additional 10nm doped GaN:Si with Ng = 10®¥cm =2 layer on each side as ohmic contact.

Figure 5.14(a) shows the simulation results of the band structure of a c-plane DBRTD,
with a well width of 4nm and barrier width of 4nm in zero bias and 2.31V and Figure 5.15
shows the corresponding local density of states plots. Here one could see the effect of the
self-consistent calculations which incorporate the space charge due to doping differences
where the plot of band structure moves upward int the undoped cladding regions, as if
the barriers are put on top of a hill>. Dark horizontal lines in the LDOS plot correspond
to the calculated quasi-bound resonance states. As it could be seen, the applied voltage
pulls down the resonance levels and the well itself.

Just as a comparison, Figure 5.16 shows a double barrier with the same layer structure
but in a GaAs/AlGaAs system and incorporating the ten band nearest neighbor model.
One can clearly see the difference in charge distribution in zero and biased conditions
due to the lack of polarization effects.

Simulation results of DBRTD with polarization charges conclude as follows:

3Please refer to the documentation of the simulator in [44]
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e The graphs in Figures 5.17, 5.18, 5.19 and 5.20 suggest that use of AIN is preferable
to alloyed material i.e. AlGaN, because of higher resulting peak to valley ratio.

e The above mentioned graphs also suggest that generally thin layers as barriers
should be used. Thin barriers enhance the current trough them. The number of
quasi-bound states become more discrete and higher in energy level as compared
to thick barriers.

e The graphs in Figures 5.21 and 5.22 suggest that the optimum barrier is about
3nm among others which are larger.

e The graph in Figure 5.23 shows that well thickness reduces current flowing through
the thickness. Inversely it could be understood that the thinner the barrier thick-
ness, the larger the current density through the barrier will be. This current will
saturate as the Figure 5.23 suggests, so in the design rules, the conditions for the
well thickness could be relaxed.

To fulfill the resonance condition, the position of the a discrete energy level in the quan-
tum well has to move below the Fermi level in the emitter region due to the application
of a forward bias.

In the following, simulations were carried out for the same structures as in the polar
structures, but without any sheet carrier concentration, i.e. ¢ = 0 to resemble the lack
of polarization induced interface charges.

Figure 5.24(a) shows the simulation results of the band structure of the non polar
DBRTD in zero bias and 1.92V, while Figure 5.25 shows the corresponding local density
of states plots. Here one could see what happens if the ideal GaN and AIN layers are
used without inserting a charge layer in between. Similarities between this plot and the
plot of Figure 5.16 where a GaAs/AlGaAs system is used is very much apparent since a
GaAs/AlGaAs system is much less polarization induced charges due to the structure’s
smaller lattice mismatch.

In the following a series of I-V simulations are presented in Figures 5.26, 5.27, 5.28,
5.29, 5.30, 5.31 and 5.32. The results of these [-V simulations are not very satisfactory
since the simulator didn’t deliver continuous graphs as it would be expected in a real
measurement. Still some conclusions could be made.

a-plane DBRTD simulations suggest:
e General conclusions from the polar simulations still apply.

e A shift of the I-V curve to the right could be observed in all graphs. This is a
general advantage if biased operation is required in a circuit.

e Single band current estimation is poor, being several orders of magnitude less than
the results in the polar structures.
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’ Wafer Name Structure Cap Doping Results ‘

GaN 30 nm
AIN ~6 nm Top : 4.2 X Diod
HEFTS-189 GaN ~5 nm 10'8¢m =3 Bottom .~ 0 MEASHe
3.0 x 108 em—3 ments done
AIN ~6 nm '
GaN 30 nm

Same as HFTS-
189  but top
cladding  with
HFTS-191  Same as HFTS-189  125nm of
8 x 10Y7em™3
and 25nm  of
8.32 x 10"¥em =3

Poor quality, no
devices worked

GaN 30 nm
AIN ~6 nm
HETS-232 GaN ~4 nm Same as HFTS-189 Efsgiis still in
AIN ~6 nm
GaN 30 nm

Table 5.1.: Wafers grown for c-plane double barrier RTDs

5.5. Experimental Results

5.5.1. Growth

Wafers HFTS-189, HFTS-191 and HFTS-232 were grown on c-plane sapphire (c-plane
GaN). Their construction is shown in Table 5.1.

Table 5.1 shows a summary of the grown substrates for the RTDs. The cladding layer
of HFTS-191 was divided into two parts of 125nm and then 25nm on the top, with
8 x 10'7em =3 and 8.32 x 10¥em ™3 respectively to study the effect of gradual doping in
the quality of the surface morphology.
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5.6. Measurements

Diodes were fabricated in the same manner as the single barrier diodes. Specially for
the case of double barrier diodes, a new mask was created to allow experiments with
smaller sized diodes down to 4pm. This mask is depicted in figure B.3 and was not used
in the course of this work due to lack of time.

5.6.1. c-Plane RTD Measurements

The I-V characteristics of the c-plane RTD grown on HFTS-189 wafer could be seen in
Figure 5.34 where the first trace is labeled as M1 and the retrace of the measurement is
labeled as M2. The measured diode had a diameter of 16um. It could be seen that by
successive measurements the peak of the amplitude is reduced. A zoomed-out version
of the same measurement curve could be seen in Figure 5.35

The measured PVCR was about 1.3 at a voltage of 2.1V and a current density of
3326Acm~2. The resulting I-V curve has an abrupt form which is different from the
I-V curves of other conventional material systems such as GaAs/AlGaAs.

Other samples either had a poor fabrication quality, which caused a short or open
behavior, or showed resistive characteristics. Another set of diodes had the exponential
background as if the double barrier were physically merged like a single barrier diode.

5.7. Discussion

From the theoretical discussions, it could be concluded that symmetric barriers are
needed for good resonance conditions. They cause sharp peaks in the transmission
probability.

The measurement results of HF'TS-189 showed some indications of NDR effect with a
PVCR of about 1.3 at a current density of 3326Acm 2. The results have still don’t
posses adequate quality and should be seen as a preliminary of better works in future.
Nevertheless these observations seem to have much in common with the observations of
other groups in the recently published papers.

e Most of the diodes show only the exponential background, i.e. mostly both barriers
behave like a single barrier. This was confirmed by Golka et. al. [42] and Leconte
et. al. [43]. This might be due to existence of a large number of dislocations in
the well.

e The sample HFTS-189-D3 showed very abrupt NDR which was also confirmed by
[37], [38], [40], [41], [42] and [43]. The results in [42] show the existence of a third
type with “smooth” NDR, which the author couldn’t observe in the measurements.

e The NDR has a peak to valley ratio of roughly (1.3)

62



e The NDR takes place around a bias voltage of 2 Volts on the sample HFTS-189-D3
which was also experimentally confirmed by other papers as listed in Table 5.2).

e The reduction of current peak observed in this work can be due to charge trapping.

This is also confirmed by [42] and [43]. A thermal treatment recovers these devices
as described in [42].

e Voltage at which discontinuities occur are random as was the case for [42].

e Most researchers are conservative about using the term “NDR” for these current
behaviors, due to current instabilities and lack of reproducibility.

e Most of these instabilities are caused by traps, dislocation densities and microc-
racks due to e.g. accumulation of strain of the AIN layer and passing it to the cap
layer [43].

Table 5.2 shows a summary of the RTD works and the results of the present work. It
could be seen that best results (smoothest NDR curves) have been achieved by disloca-

tion densities of about 10%2e¢m 2.

In order to remedy these problems one needs to grow high quality material on the one
hand, and reduce the lateral size of the mesa on the other hand. This leads to a high
possibility of having the working device on top of the dislocation free region.

The smallest mesa sizes used in this work were 12um and 16pm. No satisfactory results
were observed from other diodes of larger sizes. Now the smaller the diodes, the harder
it gets to make contacts for measurements on such small sizes of diodes. Good contacts
could be made with gold whiskers, but these inturn need to be securely fixed on the
devices. Electrical contact with tungsten needle in search of best electrical contact,
already “spoils” the chance of first measurements before the charge trapping occurs.

A solution to the contact problem was designing a mask with large pad connections
with a silicon nitride passivation layer in between. This mask was produced but not
used during this work because of the limitations of time. This sort of fabrication process
has already been used by Golka et. al. in [42] where mesa sizes down to 6um were
achieved.
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(b) Vg = 2.31V

Figure 5.14.: Simulated potential and charge plots for a well and barrier thickness of
4nm
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(b) Vi = 2.31V

Figure 5.15.: Simulated local density of states plots for a well and barrier thickness of
4nm (same structure as Figure 5.14
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(b) Vp = 2.37TV

Figure 5.16.: Simulated potential and charge plots for a well and barrier thickness of
4nm using full band GaAs/AlGaAs model
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10° Simulated IV for DBRTD: Well= 4 [nm], x = 100 [%], N;= 5.6e13 [1/em?]
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(b) Vg = 1.92V

Figure 5.24.: Simulated potential and charge plots for a well and barrier thickness of
4nm for the non-polar structure (polarization charge is zero)
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Figure 5.25.: Simulated local density of states plots for a well and barrier thickness of
4nm for the non polar structure
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10° Simulated IV for DBRTD: x = 100 [%)], Ns= 0 [1/cm2], Barrier=3 [nm]
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Figure 5.32.: Barrier=3nm, x=100%
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Figure 5.33.: Surface morphology of the grown for DB-RTD wafers with a 5:1 magnifi-
cation
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6.

Summary and Outlook

In this work, resonant tunneling diodes based on polar and non-polar ITI-Nitride ma-
terials were investigated. The author tried to cover the most important steps towards
physical realization of GaN-Based resonant Tunneling diodes. Quantum mechanical
concepts were studied in order to understand different aspects of resonant tuneling.

Realization of single barrier structures for the study of charge transport across the
barrier.

Realization of double barrier structures based on c-plane GaN.

Review of some of the theoretical background needed to calculate GaN specific
parameters

Simulations based on 1-band model for realized GaN heterostructures

The work could be further detailed in the following ways:

NextNano3 software package can be used for calculations using full band model.
This can provide better I-V curve predictions and peak current density estimations.

Use the new DC mask which is depicted in Figure B.3 with reduced mesa sizes and
Silicon oxide or Silicon nitride passivation and use Gold whiskers to form contacts.

Investigate other growth methods (like e.g. flow rate modulation, where the metal
organic flow is periodically interrupted) as in [45] to obtain higher quality material
in well an barrier regions. A better quality in these layers would enable sharp
interfaces which in turn result in better transmission characteristics.

Investigate growth on top of free standing a-plane GaN substrates.

Investigate effect of gradual doping in the cladding layers and see if the performance
of RTDs could be improved. Gradual doping would eliminate sudden changes in
the crystal structure due to the existence of impurities.

Investigate how equation 3.22 would look like for a-plane GaN.

Investigate how Polyimide could be used to make stable Gold whisker contacts as
in [2].

Investigate the benefits of pulsed I-V measurement.

Grow samples with different well thicknesses, so that tunneling current could be
confirmed.
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A. Used

2DEG
AFM

DI Water
C-AFM
EBE
ELOG
ERDA
FWHM
HEMT
HMDS
IMPATT
IPA

LED
MBE
MFC

ML
MESFET
MISFET
MMIC
MOCVD
MOVPE
MQW
NDR
NEGF
NFE
PAMBE
PVCR
QW
RBS
RHET
RIE
RMS
RPM
RS-232
RTA

Abbreviations

2-Dimensional Electron Gas

Atomic Force Microscopy

De-Ionised Water

Conductive Atomic Force Microscopy
Electron Beam Evaporation

Epitaxial Lateral Overgrowth

Elastic Recoil Detection Analysis

Full Width at Half Maximum

High Electron Mobility Transistor
Hexamethyl-disilazane

Impact Avalanche Transit Time

Iso-Propyl Alcohol

Light Emitting Diode

Molecular Beam Epitaxy

Mass Flow Controller

Monolayer

Metal Semiconductor Field Effect Transistor
Metal Insulator Semiconductor Field Effect Transistor
Microwave Monolithic Integrated Circuit
Metal Organic Chemical Vapor Deposition
Metal-Organic Chemical Vapour Phase Epitaxy
Multiple Quantum Well

Negative Differential Resistance

Non Equilibrium Green’s Function

Nearly Free Electron

Plasma Assisted Molecular Beam Epitaxy
Peak to Valley Current Ratio

Quantum Well

Rutherford Backscattering Spectroscopy
Resonant tunneling Hot Electron Transistor
Reactive Ion Etching

Root Mean Square

Rounds Per Minutes

Recommended Standard 232

Rapid Thermal Annealing
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RTD
scem
SIS
slm
SOI
SOS
STP
TB
TLM

U.LD.

Uv

VCA
VNA
XRD

Resonant Tunneling Diode
Standard Cubic Centi Meter
Semiconductor Insulator Semiconductor
Standard liter per minute

Silicon on Insulator

Silicon on Sapphire

Standard Temperature and Pressure
Tight Binding

Transmission Line Method
Unintentionally doped

Ultra Violet

Virtual Crystal Approximation
Vector Network Analyser

x-ray Diffraction

82



B. Photolithography Mask
Printouts

Some masks used during this work existed from previous research activities in the group.
Some new masks were also designed by the author. Table B.1 lists the information about
these masks.

’ Mask Name Revision Comments Results
Diode with Few number of q q
Airbridge  Fig- 1998 circular  diode *% P00
ure B.2 patterns WOrKe
HFE Diode Fig-  gppgs by C. Jin Anode pads were  was used and
ure B.4 SEPUS T 115 %arg?ﬁ — worked
HFRTDO1 A A was not used

Sanjari alignment marks
HFRTDO02 Fig- NOVO8 by M.S. Sizes only down was wused and
ure B.1 Sanjari to 16um worked
DCRTDO01 Fig- DECO08 by M.S. Sizes down to
.. for future use
ure B.3 Sanjari 4pum

Table B.1.: Used Masks during this work.
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Figure B.2.: Diode with Airbirdge (old, unknown Author)
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Figure B.3.: DC-RTD Mask Version 1 by the Author
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