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more careful analysis showed a slight gain improvement at a low base current and

a small gain degradation at higher base currents. The gain increase at small base
currents and low fluence is believed to be caused by the ionization damage in the

polyimide passivation layer. The gain degradation at higher fluence and high base
currents is due to the displacement damage in the emitter-base junction region.

In the case of neutron irradiation the major effects were (1) the decrease of

collector current or equivalently the common-emitter DC current gain reduction

and (2) the collector-emitter offset voltage shift. At low fluence of neutron
irradiation, a small gain increase is observed at low base currents which is caused

by the suppression of the base current due to ionization effect. At higher fluence,

gain degradation is observed whose magnitude depends upon the nature and
fluence of the irradiation particle. This degradation is caused by the displacement
damage in the SCR leading to the current gain degradation at all base currents. In
addition to the gain degradation, neutron irradiation causes a shift of the collector-

emitter offset voltage, which is caused by the displacement damage in the basecollector region.
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RADIATION EFFECTS IN Ill-V HETEROJUNCTION
BIPOLAR TRANSISTORS

1. INTRODUCTION
1.1. Background and Motivation
The need for the study of radiation effects arose in the late 1950s when

semiconductor tecimology began to be used in space and military equipment.
Although compound semiconductor devices show greater radiation tolerance,
silicon (Si) was the most often used material due to its relatively inexpensive and
easier fabrication processes. In the late 1970s, major breakthroughs in fabrication

processes and the emergence of epitaxial technologies like Molecular Beam

Epitaxy (MBE) and Metal Organic Chemical Vapor Deposition (MOCVD)
offered the promise of making compound semiconductor devices

like

Heterojunction Bipolar Transistors (HBTs) [1]. Over the past several years, rapid

progress has been made in HBT technology [2-4]. HBTs have attracted
considerable interest in the field of high-speed electronics [2-7].

The basic advantage of the HBT structure is the use of a wide-bandgap

emitter which allows greater current gain due to substantially lower minority
carrier injection from the base into the emitter. A high base doping concentration

allows the use of a very thin base layer. As a result, the base resistance and base
transit time are reduced and the Early voltage is increased, which leads to a high

switching speed and high cutoff frequency. Lower base-emitter capacitance
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obtained from lower emitter doping and lower base resistance achieved by higher

base doping are both possible in HBT structures and greatly improve high-speed

performance. Despite the higher cost of material and processing, HBTs have
gained popularity because of their superior electron transport properties and high-

speed operation. Due to these advantages, HBTs are extensively used in spacebased communication systems. The radiation hardness of HBT devices is one of

the critical factors that needs to be established for military, space and nuclear
industry applications.

For space missions and military applications, it is obvious that there is a

radiation-harsh environment. The effect of radiation from natural and artificial
sources on space-based systems must be determined and minimized. The sources
include trapped particles in the radiation belts, cosmic ray ions in outer space and

at high altitude, and nuclear radiation environments. Major constituents of space

environment include (1) cosmic rays which impinge nearly isotropically on the
Earth's magnetosphere and comprise protons, alpha particles and heavy ions,

(2) The Van Allen radiation belts comprise geo-magnetically trapped
electrons of up to about 10 Mev and protons of up to several 100 Mev, (3) Solar
particle events which can produce large intensity increases in protons and heavy

ions lasting from hours to several days and can extend in energy up to several
GeV and (4) Secondary particles such as neutrons, mesons and light fragments,
are generated when these particles interact in spacecraft materials, in the Earth's
atmosphere and in planetary atmospheres and surfaces.
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Radiation induced damage to electronic systems takes place in a number

of ways [8]. Electronic devices are based upon charge carriers' flow and its

control by means of electric potentials. Radiation can act to change carrier
concentrations or device potentials. For example, protons passing through a

semiconductor can make it more conductive by simple ionization [9]. The
common way of classifying radiation effects from a physical point of view is
based on the distinction between displacement damage and ionization damage.

Displacement damage is due to neutrons and high energy charged particles

while ionization is mainly due to protons, electrons and gamma ray photons. The
damage due to neutrons and charged particles is that neutron damage takes place

by means of nuclear interactions, while ionization damage is related to atomic
interactions. Neutrons are more penetrating than charged particles and act mainly
on the bulk of the device whereas the effect of ionizing radiation is mostly surface

damage. The best known degradation effect of ionization damage is the
occurrence of charge trapping which means that the charge is stored for some

time at a defect and is released subsequently. This occurs at pre-existing or
radiation induced trap sites. For mainstream silicon CMOS the major concern is

hole trapping in the gate, spacer and field dielectrics. When a neutron or an
energetic charged particle knocks-on a silicon nucleus, the latter can move from

its original position leading to a vacancy formation. This displacement lattice

damage in semiconductor materials can have a significant impact on their
electrical properties, through the creation of stable radiation defects, which have

one or more levels in the band gap. The displacement damage leads to several
radiation induced defects which are responsible for the generation of electron-hole

pairs, recombination of electron-hole pairs, trapping of carriers, compensation of
donors and acceptors and tunneling of carriers.

Radiation effects in silicon-based devices like Bipolar Junction Transistors

(BJTs) and Metal Oxide Semiconductor Field Effect Transistors (MOSFETs)
have been extensively studied and modeled [10-14]. In BJTs, gain degradation,

increase in the leakage currents and increase in the collector-emitter saturation
voltage

(VCE(sat))

are the primary effects of radiation. One cause of gain

degradation is atomic displacement in the bulk of a semiconductor. This bulk

damage produces an increase in the number of recombination centers and

therefore reduces minority-carrier lifetime. The other main cause for gain
degradation is ionization in the oxide passivation layer covering the emitter-base
junction region. Since

VCE(sat)

is an inverse function of transistor gain it is affected

by changes in minority-carrier lifetime. In MOSFETs, charge trapping in the

oxide layer is the primary cause for the radiation induced performance
degradation. It was found that the amount of charge trapped depends strongly
upon the voltage across the oxide during irradiation [15]. It was also found that a

secondary effect, involving the rearrangement of atomic bonds at the oxidesilicon interface was contributing to the degradation [16].

Devices fabricated using compound semiconductor materials are finding

increasing application, as these materials have several attractive properties not
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available in silicon. Several compound semiconductor devices like Metal

Semiconductor Field Effect Transistors (MESFETs), High Electron Mobility
Transistors (HEMTs) and Heterojunction Bipolar Transistors (HBTs) are being

used in high-speed and high-frequency applications. This thesis focuses on the

electron and neutron irradiation effects on Single Heterojunction Bipolar
Transistors (SHBTs).

Early HBTs were based on the well known AlGaAs structure. Later,

Heterojunction Bipolar Transistors based on a number of heterojunctions
including A1GaAs/GaAs, InP/InGaAs and Si/SiGe, were developed [17-20].

Recently, the InGaP/GaAs heterojunction system has emerged as a major
contender due to its number of advantages over the AlGaAs/GaAs counterpart.

These advantages include higher valence band offset to suppress the back
injection of holes into the emitter, higher etch selectivity between InGaP and
GaAs, lower surface recombination velocity, absence of DX centers that plague
the Al-based systems and better long-term reliability. The radiation performance
of HBTs from many material systems, including A1GaAs/GaAs, InP/InGaAs and
Si/SiGe have been investigated extensively in the recent years [2 1-25]. However,

limited work has been done on irradiation effects on InGaP/GaAs Single
Heterojunction Bipolar Transistors. Hence the radiation response of these devices
is an important issue.

1.2. Overview of the study

This thesis focuses on the investigation of electron and neutron irradiation

effects on InGaP/GaAs Single Heterojunction Bipolar Transistors. Devices with

different emitter sizes and grown by two different growth techniques were
studied. The devices were grown on GaAs substrates either by molecular beam

epitaxy or metal organic vapor phase epitaxy. The structure of the thesis is as
given below.

Chapter 2 presents a brief overview of the space environments which have

a degrading effect on electronic devices and systems. Major radiation sources in
the space environment are discussed.

Chapter 3 presents the physics of radiation damage in semiconductors. A
general description

of the

fundamental effects

of radiation on various

semiconductor materials and devices is given. Major device degradation
mechanisms are discussed.

Chapter 4 presents the device fundamentals of Heterojunction Bipolar
Transistors. Basic theory of operation is explained. Various compound

semiconductor material systems, including the device structure used in this study
are described. Applications of HBTs are discussed.

Chapter 5 offers the experimental results for the electron and neutron
irradiation effects on InGaP/GaAs HBTs and the device performance is

characterized. The degradation is compared for different particles and the
correlation of different gain degradation coefficients is presented.

Chapter 6 presents the conclusions of this work and discusses further scope for
research in this area.

2. FUNDAMENTALS OF RADIATION
2.1. Types of Radiation

There are different types of ionizing radiation. 1 )Alpha particles are made
of two protons and two neutrons. They are the nuclei of helium atoms. This means

that they have a charge of +2 and a mass of 4 units. Alpha particles are relatively
slow and heavy. They have a low penetrating power and can be stopped by just a
sheet of paper. Since they have a large charge, alpha particles ionize other atoms

strongly. A typical alpha particle energy is 5MeV, yielding 50mm in air and 23
tm in silicon. 2) Beta particles have a charge of minus 1 and the same mass as an

electron. They are fast and light and have medium penetrating power. Beta
particles ionize atoms that they pass, but not as strongly as alpha particles do. 3)

Gamma rays or photons are waves and not particles. So, they have no mass and

no charge. They have high penetrating power and cause atoms to emit other
particles which will then cause further ionization. 4) Neutrons have the same mass

as a proton but have no charge and are difficult to stop. The capture of a neutron
results in the emission of a gamma ray. Neutrons are classified according to their

energies. 5) Proton are the nucleus of a hydrogen atom and carry a charge of +1
unit. The proton is much heavier than an electron and is more difficult to deflect.
Table 2.1 compares some key characteristics of the radiations.
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Radiation (E: 1MeV)

Characterisfic

Alpha (a)

Proton (p)

He

Photon (y) or X-ray

Neutron (n)

y

n

1+

2+

Symbol

Beta () or Electron (e)

H

Charge

+2

+1

.1

neutral

neutral

lonizaon

Direct

Direct

Direct

Indirect

Indirect

Mass (amu)

4.00277

1.007276

0.000548

1.38 x

2.82

lelocity (cm/sec

6.944

x 1D

x lOb

1.008665

-

2.998

x 1O'°

1.38

x 1010

Speedof light

2.3%

4.6%

94.1%

100%

4.6%

Range in Air

0.56cm

1.81 cm

319cm

82,000cm

39, 250cm

TABLE 2.1: Comparison of Ionizing radiation

2.2. Radiation Environment
A radiation environment is defined based on the kind of particles, their
energies and their fluxes. The most common particles are electrons, neutrons,

protons, heavy ions and photons ranging from UV to gamma energies. Space
radiation can be grouped into three categories: (1) Radiation belts, (2) Cosmic
rays and (3) Solar Flares.

Radiation belts are the regions where the energetic ions and electrons

experience long-term magnetic trapping. The particles fly around Earth at a
distance between 1 and 10 terrestrial radii, which is up to seventy thousand km
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from the ground. The particles consist of mainly electrons up to few MeV
energies and protons up to several hundreds MeV with fluxes up to 106 cm2s1
[26]. These particles are trapped by the Earth's magnetic field and they form the
radiation belts. The belt is divided into inner and outer radiation belts. The inner

radiation belt (Van Allen belts), discovered by Van Allen is relatively compact,
extending one Earth radius above the equator. The Van Allen belts are a result of

the collision of Earth's magnetic field with the solar wind. Radiation from the
solar wind then becomes trapped within the magnetosphere. The trapped particles

are repelled from regions of stronger magnetic field, where field lines converge.

This causes the particle to bounce back or mirror. The radiation belt consists of
energetic protons, a by-product of collisions by cosmic ray ions with atoms of the

atmosphere. The number of such ions is relatively small, and the inner belt
therefore accumulates slowly, but because trapping near Earth is very stable,
rather high intensities are reached, even though their build-up may take years.
Further out is the large region of the ring current, containing ions and electrons of

much lower energy. The most energetic among these are known as the outer
radiation belt. Unlike the inner belt, this population fluctuates widely, rising when

magnetic storms inject fresh particles from the tail of the magnetosphere, then
gradually falling off again. The ring current energy is mainly carried by the ions,
most of which are protons.

Cosmic rays consist of low fluxes of energetic heavy ions, extending to
energies beyond TeV and including all ions in the periodic table. Cosmic rays are
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energetic particles that are found in space and filter through our atmosphere. They

come from all directions in space, and the origination of many of these cosmic

rays is unknown. Cosmic rays were originally discovered because of the
ionization they produce in our atmosphere. The cosmic rays are classified into
primary and secondary radiation. The primary radiation is related to galactic and
solar particles traveling in the cosmos. As stated, these particles are mainly heavy

ions with energies up to TeV and low fluxes. They consist of 85% protons, 14%

alpha particles and 1% heavier nuclei with energies extending to 1 GeV [27].
Secondary cosmic rays are produced by collisions when primary rays reach the
outer shells of the Earth's atmosphere. Cosmic radiation comes from the activity

of galaxies everywhere in the universe, so it is quite uniform and constant.
Cosmic rays are a hazard to electronic instrumentation in space; impacts of
heavily-ionizing cosmic ray nuclei can cause computer memory bits to flip or
small microcircuits to fail.

Solar flares are bursts of protons occurring during solar storms. A flare
consists basically of an ejection of protons with energies up to a hundred MeV.
The main feature of the flares is that they take place at different times during solar
cycles and with different intensities. Even if less energetic than belt particles, they
can reach higher fluxes, leading to greater total doses on electronic devices.

Radiation environments other than space include nuclear reactors, nuclear
weapons, high-energy particle accelerators and several other radiation processing

environments made for beneficial purposes. Although radiation causes
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degradation effects in semiconductors, sometimes radiation is deliberately
introduced into materials for beneficial purposes [28]. Radiation processing is
used in the polymer industry for the cross-linking of polymers to produce durable

insulation for wires and cables for submarine use. The semiconductor industry
also began to use radiation processing for the modification of starting materials,
particularly silicon.

2.3. Radiation terminology and units
2.3.1. Activity
Activity is the transformation (disintegration) rate of a radioactive
substance. Units used are Curie (Ci) and Becquerel (Bq; SI unit)
where,

1 Bq = 1 disintegration per second (dps)

(2.1)

1 Ci = 3.7 x 1010 dps

(2.2)

1 Ci=3.7x lO10Bq

(2.3)

2.3.2. Absorbed Dose
Absorbed dose is a physical quantity which represents the energy imparted

by radiation onto an absorbing material. Units are Rad and Gray (Gy; SI unit)
where,

1 Gy = 1 joule per kilogram (JIkg)
1 Gy = 100 rads

(2.4)
(2.5)
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2.3.3. Exposure

Exposure is a quantity that expresses the ability of radiation to ionize air
and thereby create electric charges which can be collected and measured. Units
are Roentgen (R) where,

1 R=2.58x 1O coulomb/kg of air

(2.6)

2.3.4. Flux

Flux is defined as the number of particles passing through a unit area per

unit time and can be written as

= dçb/dt where 0 is the fluence. Fluence is the

time integrated flux of particles (unit is cm2) and can be defined as

dN

(2.7)

dA

where,

N101

is a total number of particles passing through an area A. Units of flux

are cm s

2.3.5. kerma(K)

kerma is defined as
(2.8)
Am

where, AEK is the sum of the initial kinetic energies of the charged particles

induced by the indirect ionizing radiation in a unit volume element of the material
and Am is the mass element in the unit volume.
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2.4. Measurements Of Radiation
When assessing the damage caused by a radiation exposure, it is important

to know the type and quantity of the radiation. Dosimetry is the science of
measuring the amount of energy absorbed in a sample when exposed in a given
radiation beam. It also deals with the measurement of particles or photon fluxes
and of the absorption or deposition of energy in the radiation-sensitive sample of

interest. A wide range of dosimeters is available and the choice of dosimetric
technique is determined by the type of radiation, the accuracy required, the dose
range of interest, and the physical constraints of the experiment.
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3. RADIATION EFFECTS ON SEMICONDUCTOR DEVICES
3.1. General Overview
Radiation effects on electronic systems using semiconductor devices have

been of increasing interest. Electronic systems that need to operate in space must
be designed to tolerate the effects of space irradiation. This chapter focuses on the

effects of irradiation that are important for electronic systems containing
semiconductor devices. The two most important effects are (1) Displacement
effects and (2) Ionization effects [8]. These two effects are discussed in detail in
the following sections. Various radiation effects range from permanent

displacement damage in semiconductors to short-term currents produced by
ionizing radiation and the long-term effects of ionization, like charge trapping.

The first step in the process leading to a radiation effect is an interaction

between an incident nuclear particle and a target atom. In the energy ranges of
interest, these interactions can be treated separately; that is, the effective range of

the important forces between nuclear particles and target atoms is short enough

that the particle interacts with only one atom at a time. The result of the
interaction is that some energy has been transferred from the incident nuclear

particle to the target atom. This energy may appear in a number of forms:
electronic excitation of the atom, ionization of the atom to produce a free electron
with some kinetic energy, creation of new particles like pair production, increased

kinetic energy of the entire atom and nuclear transmutations. The most important
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effects of irradiation are ionization effects and displacement effects. To
understand these effects it is essential to get a clear understanding of the
interactions of radiation with various particles.

3.2. Interaction of Radiation
This section describes the basic mechanisms whereby radiation interacts
with atoms. The main interactions are categorized as
(1) Rutherford scattering
(2) Photon interactions
(3) Neutron interactions.

3.2.1. Rutherford Scattering:
The Rutherford scattering is the dominant interaction mechanism for
charged particles; hence, it accounts for most of the energy transfer when a
material is bombarded with radiation. In Rutherford scattering, the charged
particle interacts with the electric field of the target atom. This results in both

excitation and ionization of atomic electrons and, for sufficiently energetic
impacts, this interaction transfers energy to displace atoms within the lattice
structure. The incident charged particle may transfer recoil energy (E) to a lattice

atom, often called primary knock-on atom (P1(A). For certain energetic
interactions, this recoil energy E exceeds a material dependent displacementthreshold energy Eth and the PI(A leaves its original lattice position forming a
Frenkel pair [29].

17

The maximum energy that can be transferred to an atom of mass M by an
incident charged particle of mass m and energy E is given as

AE=4E

Mm

(3.1)

(m+M)2

If the energy to displace the atom of mass M is Eth, then the threshold energy for
the incoming particle is

Eth

=E

(M+m)2

(3.2)

4mM

3.2.2. Photon interactions

Photons, which propagate at the speed of light and have no charge or rest
mass, interact primarily through the following three phenomena.
(1) photoelectric effect
(2)

Compton scattering

(3)

pair production.

All of these interactions generate free electrons. At low photon energies,
the photoelectric process dominates. The photon interacts with the atomic electron

cloud and is absorbed, and an electron is ejected from the atom. In this process,
the photon is completely absorbed by the emitted outer-shell electron of the target

atom. To conserve momentum, the target electron must be tightly bound to the
nucleus; hence, a K-shell electron is emitted 80 percent of the time

[30].

When an

L-shell electron subsequently drops down to fill the K-shell vacancy, it can emit

either an additional X-ray or low energy Auger electron from the L-shell. The

probability of a photoelectric interaction decreases with increasing photon energy

and increases with the atomic number of the target (Z). Figure 3.1 a shows a
schematic picture of the photoelectric effect.
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FIGURE 3-la: Schematic picture of photoelectric effect
In the case of Compton scattering, when an incident photon has an energy

in the range of

iO5

106 eV [31], it transfers a part of its energy to a weakly

bound electron, and it scatters out from the atom at an angle 0 with respect to its
incident direction, leaving an ionized atom behind. The photon will have a longer

wavelength and less energy. In this interaction, the incident photon is not
completely absorbed because the photon is of much greater energy than the
atomic-electron-binding energy of the target. Part of the photon energy goes to
scattering the atomic electron and the rest into a scattered, lower energy longer
wavelength photon. Figure 3. lb shows a schematic picture of Compton scattering.
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FIGURE 3.lb: Schematic picture of Compton scattering

Pair production needs a highly energetic photon, whose entire energy is
transferred in the field of an atom to create an electron-positron pair. The typical
threshold energy of the incident photon is larger than

106 eV. In this process, a

particle and a corresponding antiparticle encounter and annihilate with the
production of two gamma-rays. A photon of energy 1.02 MeV or higher is
completely absorbed by a high-Z material to form a positron-electron pair. Figure
3.1 c shows a schematic picture of pair production.

The kinetic energy of the pair is given by

K+K=E-2mc2

(3.3)

Where K and K+ are the kinetic energies of an electron and a positron
respectively, E. is the energy of the incident photon and 2mc2 is the threshold
energy in order for the atom to create an e-p pair. The rest mass energy mc2 is
0.511 MeV.
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Incident Photon

FIGURE 3.lc: Schematic picture of pair production
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Figure 3.2 compares the ranges over which each of the three interactions
dominates as functions of Z and photon energy.
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3.2.3. Neutron interactions
Neutrons, being uncharged, do not undergo coulomb interactions and
hence do not lose their energy in the quasi-continuous manner characteristic of
charged particles. Neutrons interact with the strong, short-range nuclear force so

that they lose a significant amount of energy with each collision. So, to slow
down these neutrons requires relatively few, separated collisions. Consequently
the recoil energy transferred to the nucleus is generally large enough to displace

the atom and initiate a displacement cascade. Protons and other heavy charged
particles also undergo nuclear interactions. The various nuclear interactions that
can occur when a neutron is incident on a solid material are:
(1) Elastic scattering

(2) Inelastic scattering
(3) Transmutation.

In elastic scattering, the neutron is not captured but transfers some of its
energy to the target atom, which can be displaced from its lattice position. This
occurs as long as the incident neutron energy is higher than that required for the

displacement. The target atom, often referred to as the primary knock-on atom
(PKA), can in turn cause ionization or further displacement damage.

In inelastic scattering, the neutron capture by the nucleus is followed by
the emission of a lower-energy neutron. The kinetic energy lost in the process can

result in displacement or excite the atomic nucleus, which returns to the ground

state by emitting a gamma ray. The incident particle is absorbed in the target

22

nucleus, distributing its energy among all the nucleons. Then the nucleus emits a
new particle, returning the nucleus to its original atomic mass number but leaving

it in an excited state. Finally, the excited residual nucleus de-excites with the
emission of one or more gamma rays (photons). In transmutation, the capture of
the neutron can change the atomic isotope, cause fission, or cause the emission of
another particle such as a proton or an alpha particle.

3.3. Radiation Damage Mechanisms
3.3.1. Displacement damage
Displacement effects are the changes that occur in the properties of a
material when energetic radiation displaces atoms from their normal positions in

the lattice. When a neutron or an energetic charged particle knocks-on a silicon

nucleus, the latter can move from its original position leading to a vacancy
formation. Figure 3.3 shows the formation of a vacancy. Often the incoming

particle energy is enough high to generate a cluster. If the incident particle
impacts close to the nucleus of a target atom, the latter will be knocked out of its
lattice position. Unless the resulting atom is very energetic, it moves at a velocity

less than the orbital velocities of the target electrons, and therefore does not
produce ionization events. hstead, if it has excess energy beyond that required for
it to be displaced, it collides with other atoms, displacing them.
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Hence its kinetic energy is dissipated in producing a small cluster of
vacant lattice sites and the atoms that formerly occupied those sites are displaced
to

interstitial positions as shown in figure 3.4. The final situation can be
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represented as a forest of vacancies and interstitials as shown in figures 3.3 and
3.4.

A nuclear particle collides with a lattice atom imparting energy to the
recoil atom. If the collision is hard enough, the target atom is ejected from its
lattice site leaving behind a vacancy, and the recoil atom then collides with other
lattice atoms. If the recoil energy is large enough, other atoms are displaced from

their sites, creating more vacancies and interstitials. Eventually all the recoil
atoms come to thermal equilibrium in interstitial positions, unless some of them

have accidentally fallen into vacancies. Some of the interstitials and vacancies

may be isolated, but for values of the recoil energy much greater than the
displacement threshold, most of the atomic displacements will occur in a small
spatial region like a cluster [32]. The thermal energy of the crystal enables some

of the simplest defects and defect clusters to migrate through the crystal. The

ability of the defect to move may be strongly affected by its charge state.
Eventually the mobile defects are annihilated by recombination of vacancyinterstitial pairs, are immobilized by the formation of stable defects with other
impurities or lattice defects, or escape to a free surface.

The effectiveness of radiation-induced displacement damage depends on

the bombardment conditions and on the time after irradiation [33]. More
generally, the intensity of damage depends on many factors, including particle

type, particle energy, irradiation temperature, measurement temperature, time
after irradiation, thermal history after irradiation, injection level, material type
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(i.e., n-type or p-type), and impurity type and concentration [34]. Any disturbance

of lattice periodicity may give rise to energy levels in the band-gap. Radiation-

induced defects have such energy levels associated with them, and it is these
defect states, or centers, that have a major impact on the electrical behavior of
semiconductor materials and devices. The basic phenomena that cause materials

and devices to degrade in a radiation environment that produces displacement
damage are: 1) incident particles displace atoms; 2) the resulting defects give rise

to new energy levels; and 3) those levels alter material and device electrical
properties. In this three step process there are several effects that take place.

The first effect is the thermal generation of electron-hole pairs through a

level near mid-gap. This process can be viewed as the thermal excitation of a
bound valence-band electron to the defect center and the subsequent excitation of
that electron to the conduction band, thereby generating a free electron-hole pair.

It can also be viewed as hole emission from the center followed by electron
emission. Only those centers with energy levels near mid-gap make a significant

contribution to earner generation; an exponential decrease in generation rate
occurs as the energy-level position is moved from mid-gap.

The second effect is the recombination of electron-hole pairs. In this
process, a free carrier of one sign is first captured at the defect center, followed by

capture of a carrier of the opposite sign. Recombination removes electron-hole

pairs as opposed to the generation process. In general, the recombination rate
depends on the defect-center density, the free carrier concentration, the electron
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and hole capture cross sections, and the energy level position. The mean time a

minority carrier spends in its band before recombining is referred to as the
recombination lifetime. Radiation-induced recombination centers cause the
lifetime to decrease; this is the dominant mechanism for gain degradation due to
displacement damage in bipolar transistors.

The third effect is the temporary trapping of carriers at a typically shallow
level. In this process, a carrier is captured at a defect center and is later emitted to

its band, with no recombination event taking place. In general, trapping of both
majority and minority carriers can occur. Radiation-induced traps are responsible
for increasing the transfer inefficiency in charge-coupled devices [35].

The fourth effect is the compensation of donors or acceptors by radiation-

induced centers. In an n-type material, deep-lying radiation-induced acceptors
compensate some of the free electrons available from the donor level. This results

in the reduction of equilibrium majority-carrier concentration. This affects any
device or circuit property that depends on carrier concentration. For example, the

resistance of the collector in bipolar transistors

will

increase due to carrier

removal.

A fifth process is the tunneling of carriers through a potential barrier by
means of defect levels. This defect-assisted tunneling process can cause device
currents to increase in certain situations. In some cases, radiation-induced defects

act as scattering centers and cause the carrier mobility to decrease. The mobility
decreases with increasing ionized impurity concentration. In a similar manner, the
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introduction of charged radiation-induced defects also causes the mobility to
decrease. This effect is stronger at temperatures less than 300 K because ionized
impurity scattering dominates over lattice scattering in that regime.
Displacement-damage-induced carrier removal also

leads to

type

conversion. In bulk Ge, introduction of acceptors causes the resistivity of n-type
material to increase, which leads to the eventual conversion to p-type material. In

Si devices like pn-junction devices, type conversion occurs in depletion regions
[36]. Radiation-induced defects in the band-gap causes enhanced effectiveness for

thermal generation of carriers. This effect occurs when defects are located in a

device region containing a high electric field. One mechanism thought to be
responsible for this process is a reduced potential barrier for thermal generation
(Poole-Frenkel effect) [37].

In summary, radiation-induced levels in the band-gap can give rise to
several processes, including generation, recombination, trapping, compensation,
tunneling, scattering, type conversion and field enhancement of carrier generation

effectiveness. The role a particular level plays depends on variables such as
carrier concentration, temperature, and the device region in which it resides.

3.3.2. Non-ionizing Energy Loss Concepts
The radiation response of many types of devices can be predicted
reasonably based on calculations of the amount of displacement damage energy
imparted to the primary knock-on atoms [38]. The energy transfer by

displacement damage is given by Non-Ionizing Energy Loss (NIEL) and in
ionization it is given by Linear Energy Transfer (LET). Since it is not possible to

use particle accelerators to simulate fully the radiation environments of practical

interest, such as that in space, development of a function to describe the non-

ionizing energy loss (NIEL) rate in various semiconductors versus incident
particle energy has been important.

The non-ionizing energy loss rate can be calculated analytically from first
principles based on differential cross sections and interaction kinematics. NIEL is
that part of the energy introduced via elastic and nuclear inelastic interactions that

produces the initial-vacancy interstitial pairs and phonons. NIEL can be
calculated for electrons, protons, neutrons, etc., using the following expression:
NIEL =

where ae and
Te and

T1

a1

(3.4)
J[TeTe +

1

are total elastic and inelastic cross sections, respectively,

are elastic and inelastic effective average recoil energies corrected for

ionization loss, respectively, N is Avagadro's number, and A is the gram atomic

weight of the target material. The units for NIEL are typically MeV-cm2 7g. The

total energy loss going into ionization is calculated using the 1963 Lindhard
theory [39].

In 1980, Van Lint et al. [40] summarized the understanding at that time of
displacement damage correlation, including its limitations. Bipolar transistor gain

measurements for a variety of incident particles (as a function of particle energy)
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were performed to determine whether the new calculation of the NIEL function
[41] could be used both to predict the energy dependence of the device damage

factor and to correlate degradation due to different particles. Since NIEL is a

direct measure of the initial number of vacancy-interstitial pairs created, the
implications of the NIEL correlation with device degradation are that: 1) the

percentage of initial vacancy-interstitial pairs that survive recombination is
independent of the primary knock-on atom (PKA) energy, and 2) the resulting

stable defects have the same device effect regardless of whether they evolved
from a vacancy-interstitial pair originating in a sub cascade or as a well-separated

pair. While NIEL has been a useful tool for approximating the expected particle-

induced response of a device in a radiation environment, some deviations have

been reported [42]. Depending on how the damage factor measurements were

normalized to NIEL, the deviations have been reported as the damage factors

being overestimated by NIEL at higher energies or, equivalently, being
underestimated by NIEL at lower energies.

3.3.3. Ionization damage

The primary interactions between energetic radiation and the electronic

structure of atoms are far more complex than the simple nucleus-nucleus

interactions. The final stage is electron-hole pair production, which is an
ionization effect. Ionization takes place when an electron is excited from the
valence band to the conduction band of a solid. The electron carries off most of
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the kinetic energy transferred in an ionization event. Most ionizing events impart
to the electron sufficient kinetic energy to cause further ionizations, which it does

within a short distance. As a result a primary ionization event produces a small
cluster of electrons and ions. Some primary ionizing events produce an electron

energetic enough to move an appreciable distance before stopping. This is the
basis for charge transfer across interfaces. By a number of ionizations the solid is
made more conductive. While an electron can easily move, the hole created is less
mobile, and it can become trapped and act as a fixed positive charge.

Ionization of the material creates free charge which can move in the

material, either by drift or diffusion. One of the most important effects of
ionization damage is the occurrence of charge trapping at interface regions.
Trapping means that the charge is stored for some time at a defect and is released

subsequently. These charges are usually holes at or near the interface region

between the oxide and semiconductor. For example, charge trapping at the
interface causes the threshold voltage of a MOS gate oxide to change. Charge
trapping

also

affects field oxides which have

usually much thicker than gate oxides.

a

more complex structure, but are

The energy required to produce an

electron-hole pair in Silicon Dioxide is 18 eV.

The most common ionizing radiation effects in the oxide are 1) charge
trapping leading to recombination centers formation and field effects and 2) SiSi02

interface modification, with strong direct effects on the bulk. In

Si02

the

band-gap is 9eV and trapped holes lie just above the valence band. The deep traps
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lie at about 2.5 eV from the valence band and their removal by thermal excitation

is unlikely. Shallow traps are instead at less than 1eV and allow holes to perform
a random walk through the oxide. Modern transistor fabrication processes allow a
well-controlled growing of amorphous

5i02

on the silicon. The interface region is

the link between the amorphous oxide and the crystalline silicon and is really
active. A detailed description of the interface is given in figure 3.5 [43]. If we
assume that

Si02

layer thickness is about 500 nm for a bipolar technology, while

the interface is about 20 nm which means about 100 atoms thickness. Hole traps

already present in the oxide bulk and those generated by irradiation can move
towards the silicon if an electric field is present. Near the silicon, annihilation
takes place because of electron tunneling from the semiconductor. The result is a
net positive charge sheet layer near the silicon, as shown in figure 3.6.

Although ionization damage depends on the type of particle and the
particle energy, this energy dependence is usually incorporated into the concept of

absorbed dose, which refers to the total deposited energy from ionization. In

addition to absorbed dose, one must consider the way that excess holes and
electrons that are generated by the radiation are transported within the oxide.
When low electric fields are present in the oxide, it is possible for many of the
holes and electrons to recombine before they are transported to critical interface
regions, which is referred to as charge yield.
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If the charge yield is low, then the net effect of the deposited dose is
reduced. The charge yield depends on electric field as well as the type of particle
causing the ionization. For example, protons with energy below 5 MeV produce a
dense ionization track that increases the probability of recombination compared to
electrons, which produce tracks with low charge density.

The ionization damage can be quantitatively analyzed using Linear Energy
Transfer (LET) or stopping power, s. The stopping power is given as

s=
dT
dx

(3.5)

where dT is the amount of energy released by a radioactive particle or
wave as it traverses matter of thickness dx.

3.4. Radiation effects in various electronic devices
3.4.1. Capacitors
Ionization effects produce conductivity in the capacitor dielectric. As a
result the capacitor loses charge during and after radiation exposure. Ionization
also leads to a photo-voltage at the capacitor contacts. It allows carriers to move

in regions of the dielectric in which a built-in electric

field preexists.

Consequently, the charge transfer injects a net charge between insulator and
contacts. These effects produce a net voltage in an otherwise uncharged capacitor
or a voltage change in a charged capacitor.

3.4.2. Photoconductors
In a photoconductor, excess carriers generated by incident light change the

resistance. The excess carriers generated by radiation-induced ionization act
precisely as light-generated carriers. In some cases, a very intense light pulse is

stimulated by a radiation pulse which can overload the traps in the
photoconductor to change its response for an extended time. The sensitivity of a

photoconductor is proportional to the lifetime of excess carriers. Displacement
effects caused by particle irradiation tend to introduce extra recombination centers
that shorten the carrier lifetime and decrease the sensitivity.

3.4.3. PN Junction Diodes
Ionizing radiation greatly enhances the minority-carrier concentration
which in turn increases the reverse current. This effect is sometimes called the
"primary photocurrent". The steady-state current of a p-n junction in the forward
and reverse directions depends on the carrier lifetime near the junction and on the

material resistivity. Due to the displacement effects, the carrier lifetime is
decreased and the resistivity is increased. This effect in turn increases the reverse
breakdown voltage of the semiconductor material.

The intersection between a p-n junction and the surface of the crystal is
affected by the electric charge in the oxidized surface layer (passivation layer) and

interface states, which act as sheet recombination sites. Ionization effects will
produce an accumulation of both insulator charge and interface states, thereby
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affecting the net junction leakage current. These effects are called "Surface
Effects".

3.4.4. Bipolar Junction Transistors (BJTs)
In normal operation, the base-collector junction of a transistor is biased in

the reverse direction. The primary photocunent described above is generated in
this junction by ionizing radiation. If the base circuit has significant impedance, a

part of this current changes the base-emitter bias, and a larger secondary
photocurrent flows from collector to emitter. The primary photocurrent is similar

to an enhanced base-collector leakage current

ICBO;

the secondary photocurrent

with high base impedance is similar to an increase in collector-emitter leakage
current

'CEO

Also, the recombination centers that are introduced due to the

displacement effects decrease the probability of a carrier surviving the journey
across the base and decrease the common-emitter gain hfe of a transistor. Another

effect is the charge trapping in the insulating passivation layer. The charge
trapped in the insulating passivation layer and extra interface states at the surface
of the base-collector and base-emitter junctions due to the ionization effects tends

to spread the junctions' surfaces and produces enhanced recombination. As a
result, the transistor gain decreases. The increase in collector resistivity due to

displacement effects tends to increase the collector-base breakdown voltage,
decrease the collector-emitter punch-through voltage, and increase the saturation
resistance of the transistor.
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3.4.5. Junction Field Effect Transistors (JFET)
In a JFET, the static characteristics do not depend on carrier lifetimes. So,

the decrease in carrier lifetime by displacement effects is not harmful to JFETs.
Due to the resistivity increase in silicon by displacement effects, there is a change

in channel resistance. The primary photocunent induced in the gate-channel
junction in a JFET by ionization can be quite large due to a significant gate area.
Also, if the device is junction-isolated from a substrate, there will be an enhanced

source-to-drain current due to primary photocurrents in these junctions. Surface
effects also increase the gate-source and source-drain leakage currents.

3.4.6. MOSFETs
In a MOS device, ionization can produce a sizeable source-drain transient

current due to primary photocurrents at the substrate isolation junctions. MOS
total-dose effects are driven by oxide charge and interface traps. The main effects
are

(1) Threshold voltage shift
(2) Isolation-related leakage and
(3) Mobility degradation.

Oxide trapped charge is usually positive and is highest near the interface.

This trapped charge shifts the threshold voltage negatively, due to which
transistors can become depletion mode and the field oxide can become inverted.

The interface trapped charge stretches out Capacitance-Voltage and Current-
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Voltage characteristics of the MOS devices. Furthermore, the interface trapped
charges usually make threshold voltage more positive in N-channel devices and
more negative in P-channel devices. Another effect is the decrease in mobility, by

the scattering of charge carriers due to the radiation induced charges near the
interface.

3.4.7. Heterojunction Bipolar Transistors
Electron, neutron and proton irradiation damage was studied on several

compound semiconductor material systems and devices. Radiation effects on

Si/SiGe, A1GaAs/GaAs and InP/InGaAs have been reported [44-45, 21-25].
Radiation-induced effects in Heterojunction Bipolar Transistors include collector

current decrease at a constant base current, output conductance increase in the
active region, offset voltage shifts and increase in the breakdown voltage shift.
Decrease in the collector current means degradation in the current gain which is
the most important radiation effect in HBTs. This degradation is mainly due to the

excess base current, which is caused by the increase of recombination current in

the base emitter junction space charge region and the increase of surface
recombination current in the base emitter junction periphery after irradiation. The
focus of the next chapters in this thesis will be the HBT device fundamentals, and

the effects of electron and neutron irradiation on Single Heterojunction Bipolar
Transistors.

4. HETEROJUNCTION BIPOLAR TRANSISTORS
4.1. Introduction
HBTs have attracted considerable interest in the field of high-speed
electron devices since the early 1980s. HBT devices are currently used for
hundreds of different applications in space-based communication systems. The

idea of using heterojunctions in Bipolar Junction Transistors (BJTs) was first
conceived by Shockley in his original transistor patent in 1950 and was further
developed by Herb Kroemer in a 1958 paper [46]. However, the development of
HBTs took off only in the 1980s after technological advancements in the growth
techniques were made [47-48].

A heterojunction is, in general, a junction between two dissimilar

materials. In the early stages of development of HBTs, efforts were made to

search out possible combinations for emitter-base heterojunctions. Latticematched systems such as A1GaAs/GaAs and InGaAs/InP became popular in the

fabrication of optoelectronic devices using liquid-phase epitaxy (LPE). The
emitter of an HBT is made of a wider band-gap semiconductor while a smaller
band-gap material forms the base. HBTs grown by 111-V material systems proved

the significance of the wide-gap emitter in achieving high current gains [49]. This

basic advantage of the HBT structure allows greater current gain due to
substantially lower minority carrier injection from the base into the emitter.
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This chapter describes the fundamentals of HBTs. In the subsequent
sections, several topics including the concept of heterostructure, HBT device
structure, operation, current transport, electrical characteristics and applications
are discussed.

4.2. Concept of heterostructure
Heterostructures are the building blocks of many of the most advanced

semiconductor devices. They are the essential elements of the highestperformance optical sources and detectors and are being employed increasingly in

high-speed and high-frequency digital and analog systems. The usefulness of
heterostructures stems from the precise control over the states and motions of
charge

carriers in

semiconductors. A heterostructure is defined as a

semiconductor structure in which the chemical composition changes with the
position. The simplest heterostructure consists of a single heteroj unction, which is
an interface within a semiconductor crystal

across which the chemical

composition changes. Examples include junctions between GaAs and A1GaAs

solid solutions, junctions between Si and GeSi alloys and InP and InGaAs
semiconductors.
An

ideal

heterojunction has the following

properties.

(1)

The

semiconductors should be of the same crystal structure and closely matched in
lattice constants, (2) The semiconductors should be reasonably matched in the

temperature coefficient of expansion so that in cool-down from the growth
temperature, high thermal strains do not develop and (3) The growth system must

be carefully chosen to minimize autodoping effects of the heterojunction elements
and cross diffusion of the dopants.

In practice, the ideal heterostructure is approached quite closely in some
systems. In high-quality A1GaAs-GaAs heterojunctions, it has been found that the
interface is essentially atomically abrupt. There is an entire spectrum of

departures from the ideal structure, in the form of crystalline defects. The most
obvious cause of such defects is mismatch between the lattices of the participating
semiconductors. The lattice constants of GaAs and AlAs are nearly equal, so these

materials fit together quite well. In contrast, the lattice constants of Si and Ge
differ significantly, so that over a large area of the heterojunction plane, not every

Si atom will find a Ge atom to bond. This situation produces defects in the form

of dislocations in one or the other of the participating semiconductors, and such
dislocations usually affect the electrical characteristics of the system by creating
localized states which trap charge carriers. If the density of such interfacial traps

is sufficiently large, they will dominate the electrical properties of the interface.

This is what usually happens at poorly controlled interfaces, as in the case of

boundaries in polycrystalline materials. Hence, closely matching the lattice
constants of the participating semiconductors is a necessary condition for the
fabrication of high-quality heterojunctions.

Heterostructures are generally fabricated by an epitaxial growth process.

The most established epitaxial techniques include Molecular Beam Epitaxy
(MBE) and Metal Organic Chemical Vapor Deposition (MOCVD). It is possible
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to grow heterojunctions between similar and dissimilar semiconductors.

Dissimilar semiconductors are those whose constituents come from different

columns of the periodic table. Examples of such dissimilar semiconductor
junctions include Ge-GaAs and GaAs-ZnSe junctions. These junctions were
widely studied early in the development of heterostructure technology [50-53].

There are, however, a number of problems with such junctions. Based upon
simple models of the electronic structure of such junctions, one would expect a

high density of localized interface states due to the under- or over-satisfied

chemical bonds across such a junction [54-55]. The constituents of each
semiconductor can act as dopants when incorporated into the other material. Thus

any inter-diffusion across the junction produces electrical effects which are

difficult to control. For these reasons, most recent work has focused upon
chemically matched systems.

If a heterojunction is made between two materials for which there exists a

continuum of solid solutions, such as between GaAs and AlAs, the chemical
transition need not occur abruptly. Instead, the heterojunction may be graded over

some specified distance. That is, the composition parameter x in AlGaiAs/GaAs

might be some continuous function of the position. Such heterojunctions have
desirable properties for some applications.

The energy band diagrams for an emitter-base heterojunction, before and

after the two materials are brought into contact are shown in figure 4.1. As in
homojunctions, once contact is made, the conduction and valence bands join in a
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manner such that the Fermi levels align. Band alignment is a key issue when
dealing with heterojunctions. Band alignment is how the respective conduction
band edges and valence band edges of the two semiconductors line up relative to
each other at the interface between the two materials.

ECE

ECB
EFE

iiiiI1'
(a) before contact

(b) after contact

FIGURE 4-1: Energy band diagrams of a heterojunction before and after
formation

Since the electron affinities of the emitter and the base, A and X
respectively, are different in heterojunctions, a discontinuity in the conduction
band, AE, appears, and is given by:

(4.1)
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Since the band-gap energies are different, a discontinuity in the valence
band, AE, also appears. The total band-gap discontinuity, AEg, is the sum of the
discontinuities in the conduction and valence bands:
(4.2)

AEg =AE+AE

In a HBT, a large AE is undesirable as it acts as an extra barrier to
electron injection from the emitter to the base, thereby requiring a high emitterbase forward bias voltage,

Vbe [56].

This ultimately limits the device current gain

far below that expected from an HBT

[57].

By the same analogy, a large AE is

ideal as it limits reverse injection of holes from the base into the emitter. Thus a

large AE/AE ratio is desirable. Table 4.1 lists the band discontinuities of some
common HBT material systems.
Material structure

AEc (eV)

AEv (eV)

AEg (eV)

0.24

0J3

0.37

0.54

In05Ga05P/GaAs

0.19

0.29

0.48

1.53

InP/1n053Ga047As

0.25

0.34

0.59

1.36

Al0 3Ga

7As/GaAs

AEv/AEc

TABLE 4.1: Band discontinuities for common HBT material heterostructures
Among all the GaAs-based materials used for HBTs, the most investigated
combination has been the AlGaAs/GaAs system which exhibits high current gain.

Both abrupt and compositionally graded E-B junctions can be used for
AlGaAs/GaAs HBTs. Figure 4.2 depicts the energy band diagrams of these two

kinds of HBTs. The A1GaAs emitter has a wider band-gap than the GaAs base

layer. The abrupt E-B junction has a potential spike and notch that can be
smoothed out by linear compositional grading on both sides of the A1GaAs
emitter, thus reducing the barrier that electrons have to overcome.

(b)

(a)

GaAs

BASE

EMITTER

E

FIGURE 4-2: A1GaAs/GaAs HBTs: (a) abrupt E-B junction and (b) graded E-B
junction

4.3. Device Structure

In this thesis, we have investigated HBTs made from the InGaP/GaAs

material system. A schematic cross section and the epilayer sequence of an
InGaP/GaAs Single Heterojunction Bipolar Transistor is shown in figure 4.3. The
HBT device is fabricated on a GaAs substrate.
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FIGURE 4-3: InGaP/GaAs SHBT structure

The HBT epitaxial structure consists of a 700 nm n-type heavily doped
GaAs sub-collector, a 20 nm n-type InGaP sub-collector etch-stop, a 50 nm n-type
heavily doped ( 5.0 X 1018 cm3 ) and 700 nm lightly doped GaAs collector, a p-

type heavily doped GaAs base, a 40 nm n-type doped (4.0 X

emitter, a 150 nm n-type doped (4.0 X
doped (6.5 X
In0

1017 cm3

iO'7 cm3

1017 cm3

) InGaP

) and a 50 nm n-type heavily

) GaAs emitter cap, a 50 nm graded layer from GaAs to

5Ga05As, and a 50 nm heavily doped 1n05Ga05As contacting layer.

4.4. Operating Principles
In comparison with Si bipolar junction transistors (BJTs), HBTs show
better performance in terms of emitter injection efficiency, base resistance, base-

emitter capacitance, and cutoff frequency. They also offer good linearity, low
phase noise and high power-added efficiency. Table 4.2 shows a comparison of
typical device characteristics between A1GaAs/GaAs HBTs and Si BJTs.
Parameter

AIGaAs/GaAs HBT

Si BJT

Forward transit time, TF

4 Ps

12 Ps

Early voltage, Va

800 V

25 V

-0

-15fF

70 W

200 W

Collector-substrate capacitance, C
Base resistance, Rb

TABLE 4.2: Comparison of AIGaAs/GaAs HBT and Si bipolar transistors

For NPN BJTs, a useful figure of merit that is important in determining
the current gain is the ratio,

Electron current injected from the emitter into the base
Hole current injected from the base in to the emitter

This ratio is called the injection efficiency, and it is usually optimized in

BJTs by highly doping the emitter and lightly doping the base. High injection
efficiency is obtained in an HBT by using a material with a larger energy band
gap for the emitter than that used for the base material. The large energy emitter
blocks injection of holes from the base. Therefore, the doping concentration in the

base and emitter can be adjusted over a wide range with little effect on injection

efficiency. In the normal operation of a Bipolar transistor, the collector-base

junction is reverse biased or at least not forward biased enough to cause
appreciable injection current. The collector and base material are the same in most

HBTs, although some use wide collector materials to improve the collector base
breakdown voltage. A two-dimensional representation of an npn HBT structure is
shown in figure 4.4.

VBE

VCE

p+

.c

FIGURE 4-4: npn HBT structure

There are four different ways of biasing base-emitter (BE) and basecollector (BC) junctions leading to four modes of operation: saturation (VBE>
VBC > 0), forward active (VBE> 0, V

cutoff

(VBE < 0, VBC < 0).

<0), inverse active

(VBE < 0, V

0,

> 0) and

Most commonly, HBTs are operated in the forward

active mode.

The operating principle of a NPN bipolar transistor consists of electron

injection from the emitter into the base and their subsequent collection by the
collector. Figure 4.5 shows the energy band structure of an NPN HBT with a

wide-gap emitter, with the various current components, and the hole-repelling
effect of the additional energy gap in the emitter.

In

j/
* bulk

.1.

1

qVbe

*

'scr
IC

L

eI

le

FIGURE 4-5: Band diagram of an npn HBT with various current components

In this case, it is assumed that the emitter junction has been graded
sufficiently to smooth out any band edge discontinuities. Following are the
different currents shown in the figure. (1) The electron current I injected from the

emitter into the base, (2) Hole current I, injected from the base into the emitter,

(3) The current

'scr

is due to electron-hole recombination within the forward

biased emitter-base space-charge layer, (4)

'bulk

is a part of the electron injection

current I that is lost due to bulk recombination in the base, arid (5)

'cbo

is a small

thermally generated minority hole current from the n-type collector that flows into
the base from the reverse biased base-collector junction.

From figure 4.5 the currents in a HBT can be written as

Ie=Inpscr

(4.3)

'C =

(4.4)

'bulk

'cbO

+ 'bulk + 'seT

Typical Ic

(4.5)

'cbO

Vce curves measured at base currents of 0 A and 20 tA are

shown in figure 4.6. Consider the lb = 20 JLA curve. During Vce sweep, the BE

and BC junction biases are adjusted in order to match the constant base current
injected at the base terminal. While Vce

0 volt, both BE and BC junctions are

forward biased at the same potential. Due to the conduction band discontinuity in

the BE heterojunction, the electrons injected from the emitter face a potential
barrier. The electron current needed to compensate the hole current injected from
the base is provided by the BC junction and the base hole current flows out of the

collector. Thus, the collector current becomes negative at low Vce and equal to
the base current (20 /LA).

As

Vce

is increased, the BE junction bias increases and the emitter injects

more and more electrons into the base, giving rise to the base recombination

currents. Consequently, since the hole injection into the collector has to be
reduced, Vb decreases. At some point, the electron current injected from the BE

heterojunction will equal that injected from the BC homojunction. Thus, the
collector current becomes zero. The

voltage where the collector current

becomes zero is called the offset or turn-on voltage (

Vce,offset).

U

II

0.0

02

0.4

0.6

0.8

1.0
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1.6

1.8
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VceCV')

FIGURE 4-6: A typical HBT Common-emitter current-voltage characteristics
As

Vce

is increased, the forward bias of the BE junction increases and the

bias of the BC junction decreases. This corresponds to the saturation mode of
operation. As

Vce

is increased further, at some value of Vce, when the injected

emitter current provides enough electrons for recombination with holes in the
base layer, BC junction becomes reverse-biased and the collector current stays
constant for higher values of Vce. This situation corresponds to the active mode of
operation.

51

4.4.1. Junction Currents

To analyze the BE and BC junctions of a HBT, forward Gummel and
inverse Gummel measurements are employed. First consider the BE junction
separately. In forward Gummel measurement, the base-collector is shorted and the
collector current and base current are measured by varying Vbe, the bias across the

base and the emitter. The presence of the large valence band discontinuity at the

hetero-interface leads to an effective suppression of the hole injection current
from the base into the emitter region. Thus, this hole current is neglected and the

base current is determined by the recombination of holes with electrons injected

from the emitter. The recombination of holes takes place (1) in the bulk and
along the periphery of the BE junction space charge region and (2) in the bulk and
at the surface of the neutral base region. Therefore, the base current in the forward
Gummel plot can be written as
(4.6)

'bbel + 'bbe2 + 'bbelk

where,

'b,bel

and

ib,be2

are the components of the recombination currents

mentioned above and 'b,belk is the leakage current on the BE junction surface. 'b,bel
and 'b,be2 can be further expressed as

'b,bel = 'b,belO exp[

'b,be2

IbRb)]

(4.7)

+IeR IbRb)]

(4.8)

q(V + leR
nkT

mkT
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where,

Re

and Rb are the emitter and the collector series resistances respectively.

As the base thickness is usually small, the majority of the injected electrons reach
the collector giving rise to the collector current I, which can be written as

+IeRe _IbRb)]+JClk
mkT

(49)

Now, consider the BC junction. To analyze the BC junction, inverse
Gummel plots are considered. Iii the inverse Gummel measurement, the base

emitter junction is shorted and the base current and the emitter current are
measured by varying the forward bias across the base and the collector (Vb). In
SHBTs, the doping concentration in the base is much higher than in the collector
and hence, the forward junction currents are dominated by the injected holes from
the base to the collector and the component that comes from the electrons injected
from the collector is very small. Also, in the device structure shown in section 4.3,

the area of base contacts is approximately equal to the base-collector junction.
Therefore, most of the injected electrons are collected by the collector and a very

small amount of injected electrons are collected by the emitter as the emitter
current. Thus, it can be assumed that 'b

Ic >>

The emitter current in the inverse Gummel plot can be expressed as

'e

=I0exp[

+IR
m'kT

where m' is the ideality factor close to unity and
resistance.

(4.10)

TbRb)lJ
i

Re

elk

is the collector series
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The base current in the inverse Gummel plot can be written as
(4.11)

= 'b,bcl + 'b,bc2 + 'b,bclk

where,

'b,bcl

and

'b,bc2

are the recombination current in the BC junction space

charge region and the recombination current of injected holes from the base with
electrons in the neutral collector region.

'b,bck

is the base leakage current.

These currents can be written as

'b,bcl = 'b,bcIO exp[

'bbc2 = 'b,bc2O

q(V +IR

IbRb)]

(4.12)

TbRb)]

(4.13)

n'kT

p[(Vbc + IR
m'kT

These equations are later used in chapter 5 for parameter extraction and
simulation of forward and inverse Gummel plots.
4.5. Applications of HBTs

Heterojunction Bipolar Transistor technology is an optimum solution for

the demanding needs of today's commercial communication standards. Typical
characteristics of HBT devices are high linearity and efficiencies and low phase
noise, thermal ruggedness, and low cost. HBTs have a higher breakdown voltage
which eliminated possible problems with over-voltage, making them suitable for

battery operated applications. HBTs are quite suitable for devices applied to a
wide variety of analog circuits, including broadband amplifiers, analog-to-digital
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converters and mixers, because of good threshold voltage control and high openloop gain obtained through high transconductance and high early voltage

[58].

Further advantages of HBTs for analog circuits are much lower 1/f noise
and a high fT and

fmax

permits circuits to be manufactured which function in the

microwave frequency range

[59].

Moreover, due to their vertically arranged

structures, HBTs have greater current-handling capabilities per unit area than

FETs. HBT devices are currently used in space applications as well as highvolume commercial communication products in both the transmit and receive
chains.

However, HBTs as other semiconductor devices, have a number of
potential failure mechanisms. The reliability of these devices is particularly a key

issue when they are incorporated in space-based systems. Several degradation
mechanisms have been reported in HBTs with several material systems exposed
to space radiation

[60-65].

The next chapter in this thesis presents the results for

the electron and neutron irradiation effects in InGaP/GaAs HBTs and the possible
reasons for the degradation of the devices are discussed.
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5. ELECTRON AND NEUTRON IRRADIATION EFFECTS IN
InGaP/GaAs SHBTs
5.1. Introduction
The radiation reliability of semiconductor devices meant for radiation-rich
environments such as nuclear reactors, high-energy particle accelerators, artificial

satellites, etc., is an important issue. Compound semiconductor devices are of
particular interest in this respect, because of their superior radiation tolerance as

compared to silicon devices. Reliable operation of these devices in such a
radiation-harsh environment is of critical importance and requires thorough
investigation of the radiation induced effects. Heterojunction Bipolar Transistors
are among the most prominent compound semiconductor devices currently being

used for high data rate applications. HBTs based on a number of heterojunctions

including AlGaAs/GaAs, InP/InGaAs and Si/SiGe have been developed in the
past. Recently, the InGaP/GaAs heterojunction system has emerged as a major
contender due to its number of advantages over its AlGaAs/GaAs counterpart.

These advantages include higher valence band offset to suppress the back
injection of holes into the emitter, higher etch selectivity between InGaP and
GaAs, lower surface recombination velocity, absence of DX centers that plague
the Al-based systems and better long term reliability. Hence, InGaP/GaAs HBTs

are very attractive candidates for applications in space-based communication
systems. The radiation response of these devices is therefore an important issue.

56

This chapter, presents the results of the radiation performance of InGaP/GaAs
HBTs exposed to electrons and neutrons.

5.2. Experimental Details
The devices used in this study were grown on GaAs substrates either by

Molecular Beam Epitaxy (MBE) or by Metal Organic Vapor Phase Epitaxy
(MOVPE) techniques at Infineon Technologies Laboratory, Germany.

n GaInAs
n GaInAs graded

Emitter contact layers

n GaAs Cap
n GaAs Cap

n GaInP Emitter
p

GaAs Base

n GaAs Collector

n GaAs Collector

n+ GaAs subcollector

Undoped AIGaAs superlattice
Undoped GaAs substrate

FIGURE 5-1: InGaP/GaAs SHBT structure

n GaInP Etch sto1
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The device structure is very similar to that

of a

conventional

A1GaAs/GaAs HBT except that the A1GaAs emitter layer is replaced by an InGaP

layer. A schematic cross-section and epilayer sequence for these devices is as
shown in figure 5.1.

Devices with three different emitter sizes, 3.2x10, 3.2x14, and 3.2x30

im2

were investigated. Electron irradiation of the devices was performed at the OSU

Radiation Center using a 90Sr 100 mCi beta-radiation source. The wafer was
placed directly under the source in close proximity (- 1mm). The wafer form of
the samples in combination with the nature of our experimental arrangement did

not permit biasing of the devices during irradiation by these particles. Neutron
irradiation was performed at ambient temperature using the Triga Mark 111MW
nuclear reactor at Oregon State University Radiation Center operated at 100 KW.
The samples were enclosed in cadmium boxes during irradiation to block thermal

neutrons. The boxes were positioned into the Rotating Rack (Lazy Susan) of the

reactor. The neutron fluence was determined from the absolute values of epithermal (0.5 eV <E < 10 keV) and fast neutron (E> 10 keV) fluxes measured by

the foil activation dosimetry technique. After irradiation, the samples were
allowed to cool down, typically for two weeks, until the radioactivity had reached

acceptable safety limits.

The samples were characterized before and after

irradiation by using an HP4145B parameter analyzer and directly probing the
devices.

5.3. Measurement set up and configurations
The measurement set up for the experiment is as shown in figure 5.2.
Measurements for the desired device characteristics were performed using an HP

4145B semiconductor parameter analyzer. This equipment has four channels of
high precision source measure units (SMU). The measured data is transferred to
the PC through an HPIB interface. Special programs were written to automate the
entire measurement and data acquisition process.

DUT

____

J

Probe station

Parameter analyzer

PC

FIGURE 5-2: Measurement set up with a PC, Parameter analyzer and a
microprobe station
The following six measurements were performed in this study:
(1) Common-emitter I-V characteristics
(2) Common-emitter current gain characteristics
(3) Forward Gummel characteristics
(4) Inverse Gummel characteristics
(5) Base-emitter diode characteristics
(6) Base-collector diode characteristics
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Figures 5.3a-c shows some of the measurement configurations used to

obtain the above mentioned characteristics. Figure 5.3a shows the circuit
configuration used to obtain the common emitter I-V characteristics. The collector

current was measured at different values of the base currents (e.g. 0, 10, 20, 30,
40, 50, 60, 70 and 80

/LA)

by sweeping the collector-emitter bias from 0 to 2 volts.

The measurement configuration for the common emitter current gain
characteristics is similar to the one shown in figure 5.3a. The collector current
was measured by sweeping the base current with a 2 volt collector-emitter bias.

Common-emitter current gain ( hFE ) can be obtained by dividing the collector
current by the corresponding base current.

The measurement configuration for forward Gummel measurement is
shown in figure 5.3b. The base current and collector current were measured by

sweeping the base-emitter bias from 0 to 1.5 volts, with the base and collector
terminal shorted. Similarly, the circuit configuration for inverse Gummel
characteristics is shown in figure 5.3c. The base current and emitter current were

measured by sweeping the base-collector bias from 0 to 1.5 volts, with the base
and emitter terminal shorted.

Circuit configurations for measuring base-emitter diode characteristics as

well as base-collector diode characteristics are shown in figures 5.4a and 5.4b.
The diode currents are measured by sweeping the desired junction bias with the
third terminal floating.

(b)

(a)
IC

(c)
IC

VBC

VCE

VBE

FIGURE 5-3 : Circuit configurations used for (a) Common-emitter I-V
characteristics (Ic VCE), (b)Forward Gummel measurement and (c) Inverse
Gummel measurement.

I-,'

VBE

VBC

FIGURE 5-4: Circuit configuration for (a) Base-emitter diode characteristics
and (b) Base-collector diode characteristics
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5.4. Electron irradiation effects on InGaP/GaAs HBTs
5.4.1. Current gain degradation
Figure

5.5

shows the typical common emitter Tc

VCE characteristics of

InGaP/GaAs HBTs measured in this study before irradiation and after electron

irradiation of 6.69x i' e/cm2. The most salient effect shown in the figure

5.5 is

the decrease in the collector current for a constant base current, leading to a
corresponding increase or decrease in gain.
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FIGURE 5-5: The common-emitter jc VCE characteristics of InGaP/GaAs
HBTs before and after 6.69x 1015 e/cm2 electron irradiation
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The reciprocal current gains (1/fl) of the devices as a function of electron
fluence at different collector current densities for the MBE and MOVPE devices

are shown in figure

5.6

and figure 5.7, respectively. In general, there was very

little effect of electron irradiation on the gain of the devices all the way up to the
maximum fluence used in this experiment. However, a more careful analysis from
figures 5.6 and 5.7 shows that there is a slight gain improvement at a low base

current, leading to a small negative degradation coefficient. At a higher base
current, there is a small gain degradation which gives a small positive degradation

coefficient. More discussion on the degradation coefficients will be presented in
the later sections.
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FIGURE 5-6: 1/ as a function of electron fluence for various collector current
densities for MBE grown InGaP/GaAs HBTs.
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FIGURE 5-7: 1/ as a function of electron fluence for various collector current
densities for MOVPE grown InGaP/GaAs HBTs.

Figure 5.8 shows the DC current gain of the devices as a function of
electron fluence at two different base currents. From this figure it can be seen that

the current gain increases slightly at lower electron fluences and decreases
steadily at higher electron fluences. At 'b = 90.tA, the current gain degrades from

79.82 to 75.03 which is about 6% degradation. At

lb

= 1OtA, the current gain

decreases from 70.86 to 61.18 which is about 14% degradation.

In the case of electron irradiation, ionization damage is more dominant
than displacement damage and hence a small gain improvement (or a negative

degradation coefficient) is observed at low base currents. However, at high base

currents, since the bulk Space Charge Region recombination is the major
component of the base current, the ionization effects are once again negligible and
small gain degradation due to displacement damage is observed.
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FIGURE 5-8: The DC current gain as a function of electron fluence at two
different base currents

5.4.2.

VCE,offset shift

VCE,off5ct

is the collector-emitter voltage at which the collector current is

zero ('c=O). The origin of VCE,offset has been discussed in a number of publications
[6668]. VcE

offset,

in general, is related to the asymmetry between the B-E and the
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B-C junctions. In general, the irradiation induced offset voltage shift in the IC-VCE

characteristics is mainly attributed to the irradiation induced increase in saturation
current of the BC diode. Figure 5.9 shows almost no shift in the saturation current
of the BC junctions indicating the absence of electron-induced offset voltage shift
in IC-VCE characteristics.
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FIGURE 5-9: I-V characteristics of base-collector diode before and after electron
irradiation

Under electron irradiation there was almost no shift in the offset voltage
(VCE offset). The displacement damage due to electron irradiation (average energy
l MeV) is too small to cause VCE,offset to shift.

5.5. Neutron irradiation effects on InGaP/GaAs HBTs
5.5.1. Current gain degradation
The common emitter

Ic-VCE

characteristics of a typical device at a fixed

base current for different neutron doses are shown in Figure 5.10. The two most
significant effects of neutron radiation observed from this figure are (1) Decrease

of collector current or equivalently the decrease of common emitter current gain
and (2) Increase of collector-emitter offset voltage

(VCE,offset).
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FIGURE 5-10: Collector current of MBE grown InGaP/GaAs HBTs as a
function of collector-emitter voltage at a constant base current of 70 tA for
various neutron fluences. Emitter area AE =3.2x30 .tm2
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The following sections are dedicated to explain the possible mechanisms

for the device degradation effects mentioned above. The DC current gain of the
devices as a function of neutron fluence at two different base currents are shown
in the figure 5.11.
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FIGURE 5-11: The DC current gain as a function
different base currents

The current gain decreases from
86% degradation, while it decreases from

67.3

75.8

to
to

of neutron

9.5

fluence at two

at 'b = 1 OA which is about

13.2

at

'b = 901.iA

which is about

82% degradation, for a maximum neutron fluence of 4.86x 1014 nlcm2

5.5.2. Mechanisms for degradation
The plots of current gain as a function of the collector current density for
different neutron fluences are shown in figure 5.12. In general, the HBT devices
suffer more gain degradation at lower operating current density. The current gain

degradation at a constant collector current density follows the Messenger-Spratt
relation.

l/13=1/13 +K
where

(5.1)

is pre-irradiation DC current gain, 3 is the post-irradiation DC current

gain, 4 is the neutron fluence and K is the gain degradation coefficient.
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FIGURE 5-12: Gain as a function of collector current density for various neutron
doses for MBE grown InGaP/GaAs HBTs with Emitter area AE =3 .2x30 m2.

The reciprocal current gains

(1/13)

of the devices as a function of neutron

fluence at different collector current densities are shown in figure 5.13. It is seen
in figure 5.13 that the current gain of HBTs at small current density increases (1/13

decreases) slightly for low neutron irradiation fluence. The gain degradation
coefficients, K, were extracted from the slopes of the fitted lines (discounting the
initial fluence points for low currents) in fig. 5.13. It can be seen from figure 5.13
that the degradation coefficient decreases as Jc is increased.
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FIGURE 5-13: 143 as a function of neutron fluence for various collector current
densities for MBE grown JnGaP/GaAs HBTs. Emitter area AE =3.2x30 im2.
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From the above results it can be understood that the gain degradation of
the HBT devices is a complex function of the radiation type, fluence and the base

current. This complex dependence can be understood from a consideration of the

effect of ionization and displacement damage on the gain of HBTs and the
relative contribution of different components of the base current. The ionization
damage mainly contributes to charge trapping in the polyimide layer. The effect
of this on the gain may be either an increase or a decrease in gain depending upon

the polarity of the trapped charges in the polyimide. In the case of silicon
MOSFETs, the radiation-induced oxide trapped charge is always positive.
However, the capacitance measurements performed by our group on test MIS
capacitors with the polyimide as the insulating layers show that the radiationinduced charge in the polyimide layer is negative [69]. These charges cause an
accumulation layer in the base region and hence reduce the surface recombination

leading to a suppression of the base leakage current. On the other hand, the
displacement damage in the base-emitter junction space charge region (SCR) and
the neutral base region gives rise to an increased recombination base current.

Radiation-induced improvement of electronic properties (e.g. mobility, the

minority carrier lifetime and the photoluminescence intensity) at low fluence
irradiation has been reported in GaAs devices in previous works [70-72]. It has
been proposed that irradiation may restructure the semiconductor crystal, leading
to the improvement of electronic properties.
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The observed gain increase at low base currents for low fluence of
neutrons may be understood as follows.

In the lower bias region, the surface

leakage current dominates the base current. At low fluences, the ionization effect

from gamma radiation accompanying the neutrons from the nuclear reactor is

more dominant. This leads to a suppression of the base current and a gain
improvement. At higher fluences, the displacement damage in the SCR becomes
more dominant, leading to the current gain degradation at all base currents.

The gain degradation can also be better understood with the help of the

forward Gummel plots shown in figure 5.14. The forward Gummel plot of a
device before and after exposure to 4.86x

nlcm2

is shown in Figure 5.14. It is

clear from figure 5.14 that the gain degradation is due to an increase in the base

current while the collector current is not affected by radiation. The collector

current has a significant leakage current component in the low

VBE region.

However this leakage current decreases significantly after neutron irradiation. The

saturation of the collector current in the high VBE region is caused by the emitter
series resistance and a slight saturation of electron injection from the emitter.

The base current on the other hand, increases steadily with the neutron

fluence (see figure. 5.14). Since the collector current remains constant after
irradiation, it is the increase in the base current that leads to the degradation of the
current gain at higher neutron fluences.
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FIGURE 5-14: Forward Gummel plot of MBE grown InGaP/GaAs HBT before
and after exposure to 4.86x10'4 n/cm2. Emitter area AE =3.2x30 jim2.

5.5.3. VCE,offset shift

The offset voltage shift of the devices as a function of neutron fluence is

shown in Figure 5.15. Even though the absolute value of the offset voltage is a

function of the base current [73], the shift in offset voltage was found to be
independent of the base current and was also independent of the growth technique
used in the fabrication of the devices.
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It was shown in a number of publications [64, 67, 74], that the radiation-

induced increase in

VCE,offset

is due to the displacement damage in the base-

collector junction region that causes an increase in the BC junction saturation

current. This is also evident from the increase in base current after neutron
irradiation in the inverse Gummel plot shown in Figure 5.16.
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5.5.4.

Current gain dependence on emitter size
Both the surface component and the bulk component of recombination

base current may be responsible for the radiation-induced excess base current.
The contribution of the surface and bulk components to the excess base current
can be analyzed more quantitatively by correlating the current gain to the emitter
perimeter-to-area ratio (P/A) as [75]

(I I) X J
fl/30

=

(5.2)
B,bu1k +

Bsu

A
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FIGURE 5-17: (l/j3-l//30) as a function of emitter perimeter/area ratio (P/A) for
neutron radiated MBE and MOVPE devices. Neutron fluence
= 4.86x iO'4
nlcm2

where,

AJB,bulk

and

&JB,surf

are the radiation induced extra bulk and surface

base current densities respectively.

Thus, we can estimate which component is responsible for the excess base
current by plotting (1/f3-1/flo) as a function of P/A at a constant

Jc.

The figure 5.16

shows the results for neutron irradiation.

From the figure 5.17 it can be seen that, (1 /j3- 1 /) tended to increase with

P/A for small P/A ratios and then decreased for large P/A devices. This behavior

is more dramatic in the case of MOVPE devices than the MBE devices. This
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peculiar trend caused by neutron irradiation is not well understood at the present
and needs further investigation.

5.6. Correlation of gain damage coefficients
The correlation of the gain damage coefficients for different particles and

different energies requires knowledge of the non-ionizing energy loss (NIEL) in

the relevant materials. The base current increase after irradiation (see Fig. 5.14)

may be due to recombination in the GaAs base region or in the InGaP/GaAs
emitter-base SCR. Fig. 5.14 also shows that the slope of ln(Ib) vs

Vbe

curve

decreases (or the junction ideality factor increases) after irradiation, which
suggests that the increase in the base current is mainly due to SCR recombination.

Hence knowledge of NIEL in both hGaP and GaAs is necessary to understand
the correlation effects. Unfortunately, no information is available on the NIEL

values in InGaP. Hence only an order of magnitude comparison may be made

based on the NIEL values for GaAs. The 1 MeV electron NIEL in GaAs is
3x 1 0

MeVcm2/g, which is about two orders of magnitude smaller than the NIEL

for 100 MeV protons. But, the degradation coefficient for electrons is nearly three

orders of magnitude smaller than that for protons. We believe that this
discrepancy is most probably due to the unknown NIEL values for InGaP.
However, based on our experimental result, it appears that the electron NIEL
values in InGaP are smaller than in GaAs. The gain degradation coefficient for
neutrons was found to be about the same order of magnitude as that for 100 MeV
protons. 1MeV neutron NIEL in GaAs is estimated to be

0.6x103

MeVcm2/g [9],
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which is about a factor of five less than that the NIEL for 100 MeV protons. The
gain degradation coefficient (at 1000 AIcm2) for neutrons was found to be about a

factor of 2-3 lower than that for 100 MeV protons. This agreement seems to be
reasonable considering that the neutron fluence has to be re-normalized to 1 MeV

equivalent by taking into account (as of now unknown) InGaP NIEL values for
our neutron source spectrum.

5.7. Parameter Extraction and Simulation
By using the theory and junction current equations presented in chapter 4,

a simple parameter extraction method can be employed and the Gummel and
inverse Gummel plots can be simulated.
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FIGURE 5-18 A typical measured forward Gummel plot of a HBT
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A typical forward Gummel plot is as shown in the figure 5.18. The
collector leakage current is dominant in the very low Vbe region. Hence the value

of 'elk is nearly equal to the I in the very low Vbe region. As Vbe is increased a
bit, the collector and base currents are very small and the voltage drop across the
Re

and Rb can be neglected. From equation (4.9), the ideality factor m can be

determined from the slope of the log('e

'elk)

Vbe plot. The prefactor 'cO can also

be determined by extrapolating the linear region of log(I
Vbe

Icik)

Vb curve to the

0 axis. Also, in the very low Vb region, the leakage current around the BE

junction dominates the base current. The value of the leakage current 'b,belk can be

determined from the base current in this region. As Vbe is increased, the space
charge recombination component (Ib,bel) dominates the base current. Since the
collector and base currents are small, the voltage drop across the Re and Rb can be
neglected. Equation 4.6 can now be written as

The ideality factor n and the prefactor 'b,belO can be determined from the
slope and the intercept of the log(lb

Ib,belk)

Vbe curve in the low Vbe region of

the Gummel plot. By using all the above extracted parameters, 'b,be2O can be
extracted by fitting the log(Ib) Vbe curve in the intermediate Vbe region.

'b

'bbelk = 'b,bel = 'b,belO

expEl
nkT

(5.3)

In the high Vbe region, the collector and base currents are limited by series

resistance effects. The voltage drop across Rb can be neglected since the value of
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is typically two orders of magnitude higher than lb. Thus, the value of Re can be

determined by fitting the high

Vbe

region in the forward Gummel plot.
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FIGURE 5-19: The experimental and simulated Forward Gummel plots before
and after neutron irradiation
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Using this procedure, the base leakage currents (ib,belk) in the forward
Gummel plot before and after neutron irradiation were found to be 10 and 3 nA.
The collector leakage components(I,Ik) before and after neutron irradiation are 25

nA and 20 nA. Other parameters are also extracted and tabulated in Table 5.1.
The experimental and simulated curves are shown in the figure 5.19.

Similar extraction procedures were used in the case of inverse Gummel

plots. Figure 5.20 shows a typical inverse Gummel plot. The emitter leakage
current (Ie,lk) mentioned in chapter 4 is determined by the value of the emitter
current in the very low Vb region. The ideality factor m' and the pre-factor leO are

determined by the slope and the intercept of the 1og(I

Ie,Ik)

Vb curve in the

low Vb region.
100
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1 08
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FIGURE 5-20: A typical measured inverse Gummel plot of a HBT

II

The value of 'b,bclk can be estimated from the value of the base current in

the very low Vb region. As Vb is increased a bit, the space charge recombination
component (Ib,bcl) dominates in the base current. Thus, the ideality factor n' and

prefactor 'b,bclO can be determined from the slope and intercept of the log(I
ib,bclk)

V curve in the low Vb region.

Using the above extracted parameters, the value of 'b,bc2O can be
determined by fitting the log(Ie)

Vb curve in the intermediate Vb region. Since

the value of I is nearly equal to the value of Ib, R, + Rb can be determined by
fitting the high Vb region in the inverse Gummel plot.

The value of R + Rb can be estimated by fitting the I-V curve under large

forward bias in the base-emitter diode characteristics measurement. Since, the
value of Re has been determined in the forward Gummel plot, the value of Rb can

be estimated. The value of R can be further determined from the extracted value
of R + Rb in the BC diode I-V curves.
All the extracted parameters are tabulated in the table 5.1. The

experimental and simulated curves are shown in the figure 5.21.
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FIGURE 5-21: The experimental and simulated inverse Gummel plots before and
after neutron irradiation

*3

Parameter
(A)

l

Unexposed

44

x I 0

'b,be2O (A)

2.5 108
2.5 x 1017
4.5 x I Q26

'b,bclO (A)

4.2 x 11.114

'b,bc2O (A)

0

'c,lk (A)
tb,belO (A)

'b,belk (A)

I

'b,bcIk (A)

2

4.86x1014 n/cm2
0.9 x I 024
2.2 x 108
5 x I0
5

x I 0

2.5

x

1014

0

x I

08

3

x I 0

x I

Ob0

2

x I 0

leO (A)

7 x 1023

5 x l0

'e,Ik (A)

2 x 10

n

4 x 10
1.055
2.0

n'

1.11
1.9

Re()
Rb()

1.33
1.15
5.6

m

R(c)

1.02
2.29
1.05
1.89
1.33
1.1

1.5

TABLE 5.1: A set of extracted parameters for an InGaP/GaAs HBT before and
after neutron irradiation

5.8. Conclusion
In this study, we have investigated electron and neutron irradiation effects

in InGaP/GaAs HBTs. Devices with different emitter sizes and grown by two
different growth teclmiques were studied. The two most pronounced radiation
effects were (1) the decrease of collector current or equivalently the common-

emitter DC current gain reduction and (2) the collector-emitter offset voltage
shift. At low fluence of neutron irradiation, a small gain increase is observed at
low base currents which is caused by the suppression of the base current due to
ionization effect.

At higher fluence, gain degradation is observed whose

magnitude depends upon the nature and fluence of the irradiation particle. This

degradation is caused by the displacement damage in the SCR leading to the
current gain degradation at all base currents. In the case of electron irradiation, the

change in gain is very small for electron fluences up to

6.69x10'5 e/cm2

though a

careful analysis shows a slight gain increase at low base currents and a slight gain

degradation at higher base currents. The gain increase at small base currents and

low fluence is believed to be caused by the ionization damage in the polyimide
passivation layer. The gain degradation at higher fluence and high base currents is

due to the displacement damage in the emitter-base junction region. In addition to

the gain degradation, neutron irradiation causes a shift of the collector-emitter
offset voltage, which is caused by the displacement damage in the base-collector
region.

6. CONCLUSIONS AND FUTURE WORK
6.1. Conclusions

The purpose of this research was to investigate radiation effects of Ill-V
materials and heterojunction bipolar transistors. Electron and neutron irradiation
effects in InGaP/GaAs were studied. Various aspects of radiation damage in these

devices are examined. Based on a review of the fundamentals of heterojunction
bipolar transistors and concepts of radiation damage mechanisms, the irradiation
effects were analyzed.

The devices were subjected to electron and neutron irradiation and were

electrically characterized before and after irradiation. Devices with different
emitter sizes and grown by two different growth techniques were investigated.

Under electron irradiation these devices were quite robust up to a fluence of
6.69x 1015

e/cm2. However, a more careful analysis showed a slight gain

improvement at a low base current and a small gain degradation at higher base
currents. In the case of neutron irradiation, the major effects were (1) the decrease

of collector current or equivalently the common-emitter DC current gain
reduction and (2) a collector-emitter offset voltage shift. In the electron
irradiation, the gain increase at small base currents and low fluence is believed to

be caused by the ionization damage in the polyimide passivation layer. The gain

degradation at higher fluence and high base currents is due to the displacement
damage in the emitter-base junction region. At low fluence of neutron irradiation,

a small gain increase is observed at low base currents which is caused by the
suppression of the base current due to ionization effect. At higher fluence, gain
degradation is observed whose magnitude depends upon the nature and fluence of
the irradiation particle. This degradation is caused by the displacement damage in
the SCR leading to the current gain degradation at all base currents. In addition to

the gain degradation, neutron irradiation causes a shift of the collector-emitter
offset voltage, which is caused by the displacement damage in the base-collector
region.
6.2. Future work

The dependence of current gain on emitter size presented in chapter 5 is

not completely understood. From the figure 5.17 it can be seen that, (l/3-l/f3)
tends to increase with P/A for small P/A ratio and then decreases for large P/A
devices. This behavior is more dramatic in the case of MOVPE devices than the

MBE devices. This peculiar trend caused by neutron irradiation is not well
understood at the present and needs further investigation.

The correlation of the gain damage coefficients for different particles and

different energies requires knowledge of the non-ionizing energy loss (NIEL) in

the relevant materials. Hence knowledge of NIEL in both InGaP and GaAs is
necessary to understand the correlation effects in InGaP/GaAs HBTs.

Unfortunately, no information is available on the NIEL values in InGaP. To
understand certain discrepancies presented in section 5.6, more study is needed on
the values of NIEL for InGaP.
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