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CHAPTER I

Introduction

An ever-growing number of alternative semiconducting materials have been investigated for appli-

cations in all areas of microelectronics. Naturally, devices fabricated using materials other than

silicon have also been investigated for applications in space, and other environments in which ion-

izing radiation is a serious reliability concern. Amongst the reliability concerns in these environ-

ments, single-event effects pose risks ranging from logic errors (single-event upset), to catastrophic

failure and the destruction of parts (single-event latchup, single-event gate rupture, single-event

burnout, etc.). Since each of these effects is necessarily initiated by the generation and collection of

charge in the device, study of the underlying mechanisms behind charge collection, often through

the measurement of radiation-induced single-event transients, has proven to provide useful insight

into various single-event effects, and led to methods of mitigation [1].

The fast operating speeds of III-V compound semiconductor devices make them attractive alter-

natives to silicon-channel MOSFETs in applications where high-power and high-speed performance

are imperatives. For high-speed technologies fielded in harsh radiation environments (e.g., telecom-

munications satellites and other space-based applications) gallium nitride (GaN) is more robust to

radiation damage than many other III-V materials [2–5]. Further, the wide bandgap, along with

other material properties, afford GaN impressive applicability in other extreme environments such

as those at high temperatures. A short list of some of these parameters, including electron mobil-

ity (µ), relative permittivity (ε), bandgap (Eg), and maximum operating temperature (TMax), are

compared with those of other familiar semiconductors in Table I.1.

Material µ (cm2/V · s) ε Eg (eV ) TMax (◦C)
Si 1300 11.4 1.1 300

GaAs 5000 13.1 1.4 300
SiC 260 9.7 2.9 600
GaN 1500 9.5 3.4 700

Table I.1: A few physical parameters of common semiconducting materials.

Oxide-insulated AlGaN/GaN high electron mobility transistors (HEMTs) exhibit reduced gate
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current under normal operating conditions, and exhibit on/off current ratios improved by several

orders of magnitude, as compared to equivalent Schottky-gate devices [6–8]. There is limited single-

event-effect (SEE) information on AlGaN/GaN HEMT devices [9, 10]. Single event gate rupture

was evaluated for AlGaN/GaN HEMTs in [10].

Experimental work in this thesis reports the results of ion-induced charge-collection experiments

in AlGaN/GaN metal-oxide-semiconductor (MOS) HEMTs and Schottky-gate HEMTs. Results

were obtained using broadbeam 14.3 MeV oxygen ions and microbeam 48 MeV silicon ions. In

each case, the transient signals were captured in real time. For the microbeam data, the location

of individual ion strikes was also recorded. Depending on strike location, current transients appear

either between the gate and the drain, or between the gate and the source. Analysis of the band

structure of the device using 2D TCAD simulations shows that hole collection at the gate is favorable

under off-state conditions, even for devices with an insulating HfO2 oxide layer. In contrast, the

valence band barrier created by an Al2O3 gate-oxide reduces hole collection to a level below the

resolution of the test setup.
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CHAPTER II

Background

II.1 Gallium Nitride and GaN-Based Devices

The physical mechanisms behind the operation of GaN-based semiconductor devices are funda-

mentally different than those that govern silicon-based devices. Contrary to the (relatively) familiar

behavior of doped silicon p-n junctions that underlie the operation of bipolar junction transistors

(BJTs) and metal-oxide-semiconductor field effect transistors (MOSFETs), entirely separate physi-

cal phenomena are responsible for the operation of GaN devices of interest such as HEMTs. While

a thorough exploration of the physics of GaN HEMTs (or HEMTs in general, for that matter) could

fill volumes, a few key points will be discussed in this section, with emphasis placed on the deviation

from more familiar aspects of device physics that govern silicon MOSFETs.

The differences between GaN and silicon begin at the level of atomic crystalline structure. De-

vice physics students will inevitable become intimately familiar with the crystal structure exhibited

by electronics-grade silicon: the diamond lattice. In contrast, GaN (as well as many other III-

V semiconducting materials) exhibits the wurtzite crystal structure. GaN can also be grown in a

zincblende crystallographic configuration, but these crystals are less stable, and the wurtzite poly-

type is both more common and more relevant to electronics applications [11]. The wurtzite crystal

structure is illustrated in Fig. II.1, along with the more-familiar diamond crystal structure.

As made clear by comparing their respective unit cells, the wurtzite structure is lacking in sym-

metry when compared to the diamond lattice. This lack of so-called inversion symmetry inherent in

wurtzite GaN plays a fundamental role in polarization, which is intimately linked with the material’s

bandstructure and the free charge carriers that will govern the behavior of an electronic device. In

materials with higher symmetry, mechanical strain (such as that resulting from the growth of a thin

film of material on a substrate with a mis-matched lattice constant) is the dominant contributor to

this polarization, which represents the physical mechanism underlying the operation of familiar de-

vices such as crystal oscillators: the piezoelectric effect. However, a generalized formula to quantify

polarization would follow the form:
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(a) Diamond Cubic (b) Wurtzite Structure (c) Wurtzite Unit Cell

Figure II.1: (a) Diamond cubic unit cell. (b) Hexagonal structure of wurtzite crystal lattice. (c) Unit
cell of the wurtzite crystal structure.

PTotal = ∆PSp +PPE

Where PPE refers to the piezoelectric component of the polarization density induced by some

mechanical strain. The units are equivalent to an areal charge density (C/m2). The PSp term refers

to the spontaneous polarization which would be present even in a state of zero strain, and is a

fundamental physical parameter of a given material system. The ∆ in the spontaneous polarization

term is present because this equation specifically applies not to homogeneous bulk material, but to

a material interface; thus, ∆PSp actually refers to a difference in spontaneous polarization across a

heterointerface [12].

Just as the p-n junction is often a locus of physical understanding in terms of the operation

of a device such as a silicon BJT, heterostructures often play the same role in understanding the

operation of HEMTs. In GaN-based technology, the most common heterostructure is the material

interface between GaN and AlGaN. AlGaN is a ternary compound, and can be grown with a range

of different aluminum concentrations, so the chemical formula could be written less ambiguously as

AlxGa1−xN, where x is commonly called the mole fraction. Note that a mole fraction x = 0 would

simply represent GaN, and a mole fraction x = 1 would represent aluminum nitride (AlN). The mole

fraction defines important properties of the heterostructure, such as the spontaneous polarization

4



mentioned previously.

The (properly controlled) heterointerface between AlGaN and GaN produces an interesting and

useful result: a two-dimensional electron gas (2DEG). An electric displacement field D is defined

by the equation:

D = εE+P

Where εE represents a screening field caused by free carriers. Therefore, in an ideally undoped

material system, the equation reduced to D = P. In other words, the polarization density establishes

the electric field responsible for the band structure of the AlGaN/GaN heterointerface that tightly

confines electrons in a 2DEG.

Transistors built using the AlGaN/GaN heterostructure are appropriately called high electron

mobility transistors because they are able to take advantage of the exceptional electron mobility of

GaN (See Table I.1). Typically, ohmic contacts are formed by depositing a metal (stacks such as

Ti/Al/Ni/Au are common [13]) and annealing at high temperatures to form the source and drain.

Gate stack fabrication varies more widely, and is still a subject of research [14].

II.1.1 MOS-HEMTs

Currently, GaN-based electronic devices such as GaN HEMTs (for the sake of brevity, from this

point on unless otherwise stated, “GaN HEMTs” or “GaN devices” refer to devices built upon the

AlGaN/GaN heterointerface) already exist as commercial, off-the-shelf (COTS) parts. Commer-

cially available parts are generally utilized for high-power RF applications, and are generally based

on relatively simple HEMT architecture. However, a tremendous amount of research and conse-

quent physical understanding sits at the foundation of even the most simple GaN HEMT architec-

ture, and the research that has gone into fabrication methods alone is quite substantial [13, 14].

Such research has proven fruitful, and since the first GaN HEMTs were first reported 1993 [15],

operation has been improved substantially on a number of fronts [13]. A fairly intuitive improve-

ment to the HEMT architecture, though one that has proven difficult to implement, is the addition

of an insulating oxide layer between the gate and the device terminal, improving, among other pa-

rameters, gate leakage current. Given the common high-power application of GaN HEMTs, where
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Figure II.2: (a) IOn/IO f f ratios for HfO2-, Al2O3-, and Schottky-gate GaN HEMT devices over a
range of oxide deposition temperature. Note the significant improvement over Schottky-gate de-
vices, nearing four orders of magnitude in some devices.(b) IOn/IO f f ratios for similar transistors
over a range of anneal temperatures. After [6].

operating voltages commonly exceed 20 V, excessive gate leakage current can be a nuisance for de-

vice performance. Such gate leakage contributes to degradation in breakdown voltage, power-added

efficiency, and contributes to noise [16].

Earlier investigations of gate dielectrics included SiO2, Si3N4, Al2O3, and others, but the pro-

cesses used in forming these dielectrics suffer from unrealistic complexity and limited scalability

when viewed from the perspective of large-scale manufacturing. Atomic layer deposition (ALD),

where materials are chemically deposited one atomic-layer at a time, has been demonstrated as a

method for growing oxides that is not only superior to previous methods in terms of scalability, but

that also produces Al2O3 that is of much higher quality (in terms of defect density, stoichiometry,

etc.) than previously used methods [16].

ALD processes have been utilized to fabricate devices with additional high-k materials, such as

HfO2. In addition to gate leakage current, insulating gate oxides also improve the on/off current,

thereby reducing power loss, especially for high-speed switching applications. Fig. II.2 shows how

significant this improvement can be relative to otherwise comparable Schottky-gate HEMT devices.

Note that the same fabrication method reported in [6] was used to produce all of the experimental

devices detailed in subsequent sections.
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II.2 The Space Radiation Environment

Device applications that subject electronic components to non-terrestrial environments must care-

fully consider the ionizing radiation characteristics of such environments. Serious concern for the

radiation environment in space and corresponding quantitative measurements date back to the in-

fancy of space exploration in the 1950s. The first American satellite, Explorer I, was launched into

orbit in January of 1958 equipped with instruments thought capable of quantifying the predicted

near-Earth radiation environment. The failure of this instrument due to the overwhelming inten-

sity of the radiation environment it was subjected to provided the first glimpse into the challenges

associated with quantifying and mitigating the effects of such environments [17].

Essentially, the radiation environment of outer space is divided into two categories: trapped

particles and transient phenomena [17]. Trapped, charged particles are held near the Earth by its

magnetosphere (a phenomenon present in some other planetary systems, as well). These consist

primarily of protons and electrons, but can also include heavier ions. Transient phenomena includes

energetic particles of solar origin, but also includes galactic cosmic rays (GCRs) that can be made up

of any element from the periodic table. Given the drastically different nature of these populations in

terms of origin, species, and energy, they each introduce unique challenges to effective mitigation.

II.2.1 Trapped Radiation Environments

The prediction that a planetary magnetosphere could be capable of trapping ionizing radiation was

made as early as the 19th century. Norwegian physicist Kristian Birkeland first proposed the idea

based on his observation that charged particles spiraled around magnetic field lines in 1895. De-

spite this early prediction, however, a serious effort to quantitatively model the near-Earth trapped

radiation environment was not undertaken for more than a half-century [17].

John Van Allen is generally credited with the confirmation of the existence of the trapped elec-

tron and proton environment surrounding the Earth, based on measurements from the first satellites

launched by the Explorer program. An artist’s depiction of the appropriately-named “Van Allen

radiation belts” is shown in Fig. II.3, which illustrates the lower-flux “slot” region between inner

and outer belts. Though measurements of this radiation environment continued persistently, the re-

sults differed by as much as an order of magnitude, for reasons that were, at the time, elusive. The

motivation for a quantitative model of the trapped radiation environment came through the eventual
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Figure II.3: Graphic qualitatively depicting the belt-like nature of the near-Earth trapped radiation
environment, i.e., the Van Allen belts. The “Horns” refer to the high-altitude protrusions of the outer
belt. After [18].

failure of spacecraft electronics, exacerbated greatly by the high-altitude nuclear testing of the early

1960s, the radioactive signatures of which dominated the trapped radiation environment for years

afterward. A more thorough history of the development of such models is discussed in [17].

II.2.2 Galactic Cosmic Rays

Cosmic rays are particles with energies covering a vast spectrum that are present primarily beyond

the protection of the Earth’s magnetosphere and atmosphere (though some lighter particles may

penetrate to the planet’s terrestrial environment). They are of significant concern for single-event

effects in microelectronics, as particles of sufficient energy and mass can deposit an enormous

amount of energy in sensitive components.

The first experimental observations of cosmic rays resulted from the erroneous conclusion of

early twentieth-century scientists that sensitive experiments were being subjected to radiation com-

ing from contaminated materials and the Earth itself. Doubt was cast on this hypothesis after Nobel

laureate Victor Hess performed a somewhat whimsical experiment in which he measured incident

radiation while ascending in a hot air balloon. Contrary to expectation, radiation increased with al-

titude, thereby identifying the source of the troublesome radiation as outer space. The term “cosmic

rays” was coined by Robert Millikan after performing subsequent experiments to confirm Hess’s
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conclusions [17].

Interest in modeling the cosmic ray environment was slower in gaining momentum than for

trapped radiation. Cosmic rays were reasonably thought to have a relatively insignificant contribu-

tion to problems such as total ionizing dose, and thus for nearly two decades into the space program

were not thought to be of real concern for electronics in space. The real concern for the cosmic ray

environment, single-event effects, weren’t even proven to exist until the mid-1970s, as discussed

further in the next section. This history is elaborated in [17].

Cosmic rays capable of inducing problematic single-event effects include single protons, as

well as all heavier ions (atomic nuclei of any species of atomic number greater than 1, without their

electron shells). The mass distribution predictably corresponds to the natural relative abundances

of the elements, but can be substantially altered by solar cycle. Cosmic rays originating outside the

solar system, which include the heaviest and most energetic particles, are isotropic, that is, a given

point in space is subject to cosmic rays from all directions. Cosmic ray flux can therefore be given

in units of particles/cm2, where the area refers to the area of a sphere through which cosmic rays

pass along arbitrary chord lengths, i.e., not necessarily through the center of the sphere [19].

Models of the cosmic ray environment have naturally been revised and updated as the amount

of experimental data measuring cosmic rays has grown, as have the methods for predicting the

effect of the environment on microelectronics. Of particular note is the Cosmic Ray Effects on

MicroElectronics (CREME, or more recently, CRÉME) family of code [20]. The most recent release

of this code utilizes an international standard model of the galactic cosmic ray environment [21]

along with radiation transport code to predict how cosmic rays will affect a device that is defined by

the user. A cosmic ray kinetic energy spectrum produced by CRÉME is shown in Fig. II.4.

As discussed in the next section in more detail, the linear energy transfer (LET) of a particle

is an extremely important metric used in predicting how heavy ions will affect vulnerable micro-

electronics. For this reason, LET spectra are somewhat more instructive than energy spectra with

regard to evaluating how an environment will affect electronic devices. An integral LET spectrum

produced using CREME96 is presented in Fig. II.5. Note that in this figure, the contribution of iron

ions to the total is plotted separately, since iron’s abundance and range of LET makes it significant

to electronic devices in this environment.

Just as the Earth’s magnetic field created the trapped radiation environment, it also complicates
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Figure II.4: Cosmic ray flux per solid angle for ions with atomic number 1 through 92 in GEO at
solar minimum behind 100 mils aluminum shielding. Note the relative abundance of atomic species.
After [20].

the cosmic ray environment near the planet. The magnetosphere serves as a geomagnetic shield,

which can reject some of the incident charged particles. As implied by figure II.3, the Earth’s

magnetic field interacts most strongly with charged particles near the equator, the magnetic field

near the equator therefore produces the most significant shielding effect. An example of how this

shielding effect changes the LET spectrum is shown in Fig. II.6. The figure shows that the LET

spectrum is most severely diminished at an inclination of 0 degrees, showing the most significant

geomagnetic shielding taking place at the equator.

II.3 Singe-Event Effects in Microelectronics

Single-event effects (SEEs) are a broad class of semiconductor device or integrated circuit malfunc-

tions that are each initiated by a single incident energetic particle. Regardless of device or circuit,

each SEE shares a common genesis: the generation and subsequent collection of charge induced by

an energetic particle. As an incident particle passes through the device material, it loses energy by
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Figure II.5: Integral iron LET spectrum and total LET spectrum of cosmic ray environment. LET
in this range is generally considered most significant in terms of single-event effects. After [19].

interacting with it. Through either direct or indirect ionization, incident energetic particles will lose

their energy by liberating electron-hole pairs along their path.

Single-event upsets (SEUs) were first predicted in 1962 [22]. Ironically, they were originally

predicted as an unavoidable consequence of the trend in shrinking electronic device sizes, which was

predicted to make devices susceptible to SEUs via terrestrial radiation environments. Nevertheless,

a continually growing body of research has been dedicated to this particular reliability concern since

the latter half of the 1970s. SEUs (in digital devices and circuits) are soft-errors where the state of

a device is changed by the transient current produced via the mechanism previously discussed.

They are less well-defined in analog circuits, and more difficult to quantify, given the continuous

nature of analog signals [23]. Beyond SEU, there exist single-event failure mechanisms which are

great reliability concerns to high power devices, such as GaN HEMTs. These failure mechanisms

can result in the complete destruction of a device, potentially catastrophic system failure, and can

include single-event latchup (SEL), single-event gate rupture (SEGR), single-event burnout (SEB),

and others.
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Figure II.6: LET Spectra of heavy ions at LEO (500 km) at various inclinations. Note that shielding
is most significant at the equator (0 degrees inclination). After [19].

II.3.1 Single-Event Charge Collection

One of the most fundamental metrics for quantifying various aspects of single-event phenomena is

an energetic particle’s linear energy transfer (LET). LET is defined as the average amount of energy

an energetic particle loses per unit path length through a material:

LET =− 1
ρ

dE
dx

The dimensionality of this quantity is typically equal to MeV · cm2/mg. The 1/ρ term and

the unusual units allow LET to be reported as independent of the target material. Obviously, LET

will vary with distance as the particle slows and eventually stops in a sufficiently long target, but

device sensitive volumes are often small enough that the portion of the path length the ion will

travel through the volume is small compared to its range. Under this assumption, LET is generally

approximated as constant. Note that so far, this equation is only useful in predicting the average

energy deposited in a given device. To calculate the amount of charge generated by this energy

deposition, a material parameter must be known that relates the amount of deposited energy it takes
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Figure II.7: Simple illustration of the charge generation process. Left to right across the figure: an
incident ion deposits energy; the energy liberates charge (electron-hole pairs); some charges move
to the device terminal; collected charge appears as transient current. After [25].

to generate one electron-hole pair. The equation to determine generated charge, QGen then becomes:

QGen =
ρ(LET )lq

G

Where G is the amount of energy required to generate an electron-hole pair in the material

(3.6 eV for silicon, 8.9 eV for GaN [24]), l is the path length, in cm when using the conventional

units of LET, and q is the elementary charge. For silicon, this equation shows that an incident ion

of LET=100 MeV · cm2/mg, generates approximately 1 pC/µm, a relatively convenient number to

commit to memory.

Depending on the individual circumstances (device, geometry, operating conditions, etc.), this

generated charge can be collected by the device terminals and appear as a transient current, as

illustrated in Fig. II.7. This is the process that culminates in a device-level SEE, which can range

from a disruptive, yet relatively benign, single-event upset (SEU), to total device destruction and/or

system failure.

II.3.2 Single-Event Gate Rupture

Single-event gate rupture (SEGR) is a potent example of the potential damage SEEs can cause.

A SEGR is the single-event induced catastrophic failure of the gate dielectric [26]. Since it is

a mechanism that is irreconcilably destructive, unlike effects such as latchup where power can
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be cycled to avoid damage, relatively few experimental investigations have been made into the

mechanisms of SEGR. Nonetheless, device simulations have linked hole pileup at the gate oxide to

a transient increase in electric field [26]. Fig. II.8 illustrates hole pileup at a gate oxide along an ion

strike.

The holes only remain crowded at the oxide interface momentarily, but this collection of posi-

tive charges across a dielectric from the negatively-biased gate causes a transient increase in oxide

electric field. It was shown that sufficiently energetic ions could push the electric field in a device

past it’s breakdown value, even when the device is operated within limits set by the manufacturer

[27].

II.3.3 Transient Response Measurement

Given that single-event effects are necessarily initiated by the generation and collection of charge in

the device, study of the underlying mechanisms, often though measurements of radiation-induced

single-event transients, has proven to be fertile ground for useful insight into various single-event

effects, as well as methods of mitigation. Undertaking this study, however, produces its own unique

set of challenges. Transient current pulses such as those initiated by ion strikes are exceedingly

short. Pulse durations (in terms of full-width at half-max, or FWHM) in the range of hundreds of

picoseconds are common, and can be in the range of tens of picoseconds [1].

Historically, charge collection measurements were made by directly measuring the total time-

integrated charge from an ion strike, and constructing a pulse-height spectrum using a multi-channel

analyzer [29]. This type of measurement typically takes advantage of a charge-sensitive preamplifier

for integrating the transient current signal. An experiment such as this has its strength in its ease

of execution and the relative low cost of the necessary equipment, but such simplicity comes with

a price. The information content is limited, since the system can only report one single value

representing total collected charge for every transient signal. The pulse-height spectrum may yield

some more information, but in general, the information one can glean from such a spectrum is

limited to “typical” and “worst-case” responses [1]. Further, common preamplifiers utilized for

these experiments have very large series resistance. In the case of a very common example: the

Ortec 142 has a series resistance of 100 MΩ. This large series resistance leads to noisy results in

the case of “leaky” devices.
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Figure II.8: Simple illustration of the pileup of holes near gate dielectric along the path of an ion
strike. Holes are swept up toward the oxide, where the momentarily collect before diffusing laterally
to the source. After [28].

By measuring the full transient response, so-called “time-resolved charge collection,” an exper-

imenter gains access to a great deal more information. Further, unlike in the case of time-integrated

measurements, there is no system calibration required, since the experimenter is making a direct

measurement, instead of a constructing a differential spectrum. At face value, time-resolved charge

collection is the simpler methodology. The issue lies in the technology available. Until relatively

recently, the only way to emulate the high bandwidth necessary to perform time-resolved charge

collection measurements was to utilize a sampling oscilloscope, which reconstructs a representative

pulse by taking a weighted average of many measurements. The fundamental problem with this

methodology is the assumption that the real transient pulses are repeatable. While this is generally

a reliable assumption when simulating ion strikes with laser pulses, it is not very reliable when uti-

lizing actual energetic ions, since the device response will depend heavily on strike location. Only

relatively recently have single-shot oscilloscopes with sufficient bandwidth and sensitivity become

available [1].

Sufficient scope bandwidth, however is still not enough to ensure the integrity of pulse signals on

the timescales of ion-induced transient responses. Normal prototyping packages such as dual in-line
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Figure II.9: Block diagram of an example time-resolved charge collection measurement system.
Looking from the DUT, the bias tee decouples the AC transient signal from the DC bias.

packages (DIPs) are simply not designed to handle signals in this high-frequency regime. Custom,

high-bandwidth packages are often used because they not only provide an excellent ground plane,

but they allow the direct attachment of impedance-matched microstrip transmission lines as well

as the die itself. These packages are discussed more quantitatively in Section III.2. The system

also requires a component to separate the DC bias from the high-speed AC transient signal. Since

this component also carries the high-speed signal, it must have highly-controlled bandwidth and be

impedance matched. A simplistic block-diagram of a time-resolved testing setup is show in Fig.

II.9. The only component this diagram excludes, is a computer to save data from the scope.

In order to illustrate the information that is lost by performing time-integrated charge collection

measurements instead of time-resolved, Fig. II.10 shows the same ion-induced current transients

plotted on three different timescales. The plot displays a prompt charge collection process dom-

inating at short timescales on the scale of hundreds of picoseconds (top figure), followed by the

much longer-lived bi-exponentially decaying charge collection process on timescales greater than

nanoseconds (bottom figure).

II.4 Previous Work

II.4.1 SEEs in Other Material systems

Gallium Arsenide

Gallium Arsenide is one of the most common alternative semiconductors, and one of the ear-

liest to be investigated. As such, single-event research in GaAs devices dates back to the early

1980s [30]. In the early charge collection work on GaAs, simple device structures were used, that
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Figure II.10: Ion-induced current transients in InAlAs/InGaAs HEMTs, plotted on three different
timescales. Note the change in dominant contributing mechanism at different times. After [1].

were not necessarily any different from their silicon counterparts, as they included only p-n junc-

tion and Schottky-barrier diodes [31] (as opposed to later work, which investigated more complex

heterostructure-based devices). This early work reported interesting results regarding the so-called

“field funneling” effect. This phenomenon, the name for which some dismiss as inappropriate or

misleading, occurs when an incident ion of normal incidence to a reverse-biased junction collapses

the depletion region of the junction and “stretches” the electric field along the particle track thereby

increasing the total charge collection volume [32]. The field funneling effect is visualized in Fig.

17



Figure II.11: Illustration of the so-called “field funneling effect.” (a) An alpha particle strikes a
pn-junction, then (b) the depletion region collapses, and (c) the potential is modulated along the
particle track. After [32].

II.11.

It was noted in an early investigation on various GaAs diode structures, that in the case of devices

fabricated on semi-insulating (SI) GaAs substrates, the “field funneling” effect did not contribute

significantly to the total collected charge, as is the case in silicon and GaAs devices fabricated on

semiconducting (SC) GaAs substrates [31]. Semi-insulating substrates refer to substrates that have a

very high resistivity, on the order of a perfectly undoped substrate, which are more easily achievable

in practice due to the stoichiometric nature of GaAs [33]. SI substrates provide the advantage that

devices separated by only substrate material are relatively well-isolated. The absence of contribution

from “field funneling” to the collected charge in SI GaAs devices is advantageous, not only because

this leads to less overall collected charge, but because predicting SEU susceptibility is made simpler

by excluding “field funneling” from the calculation. The absence of a “field funneling” contribution

in SI GaAs devices is illustrated in Fig. II.12.

Another important aspect of GaAs technology that has been subject to numerous investiga-

tions is charge collection enhancement. Charge collection enhancement is a phenomenon observed

when the measured collected charge is higher than the calculated maximum amount of charge that

an incident ion can generate in a sensitive volume. “Field funneling” is one example of such a

phenomenon, but other mechanisms have been investigated and identified in GaAs devices. En-

ergetic ions, almost invariably the radiation source used to study charge collection enhancement,

can severely modulate voltage potentials in a device, leading to enhancement mechanisms such as

source/substrate, and source/channel barrier lowering, where incident radiation sufficiently modu-
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Figure II.12: Collected charge measurements in semiconducting and semi-insulating GaAs. The
higher collected charge in SC GaAs is attributed to the greater contribution of “field funneling” in
the semiconducting substrate. After [31].

lates these junctions such that current can be injected or collected across them [34].

Charge enhancement mechanisms in GaAs technology led to unexpected results regarding their

SEU hardness. Since it had been established before the first SEU measurements were made on

GaAs devices, the rad-hardness of GaAs was predicted to extend to a hardness against SEU. Early

work demonstrated that this was not the case, as the error-rates predicted by the measurements

were comparable to bulk Si technology [35]. In this study, this error-rate was determined to be

a consequence of unexpectedly-low upset LET thresholds, i.e., the minimum LET an incident ion

must possess to induce an upset. The most probable cause for this low LET threshold is the presence

of charge collection enhancement mechanisms.

Other III-V Material Systems

In addition to the devices described so far, devices with increasingly complex material systems

are continually being designed and investigated for a wide variety of specific applications. Complex

material systems allow designers to finely tune devices for precisely defined operating character-
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Figure II.13: Vertical cross-section equilibrium band diagram of InAlSb/InAs/AlGaSb HEMT. After
[36].

istics or niche applications, and include several completely different materials, or carefully varied

stoichiometric combinations of the same material. Contrasting the two-material system described

by the AlGAN/GaN HEMTs described above, for example, antimonide-based devices can involve

a variety of different materials, as well as exceedingly complex alloys.

The band diagram for an InAlSb/InAs/AlGaSb HEMT is shown in Fig. II.13. This band dia-

gram illustrates the relatively small bandgap of the InAs channel, as well as the large band offsets

formed by the heterojunction.Two charge collection mechanisms present in this device are partic-

ularly interesting: charge collection under the drain pad, and charge collection enhancement [36].

After previous tests had noted anomalously large single-event charge collection cross-section, the

spatial dependence of strike location was measured. The new results and device simulations showed

that the depletion region between the AlGaSb buffer and the Pd/Pt/Au/Al/Ga/Sb/In/As alloy drain

was capable of collecting a significant amount of charge. This particular results draws attention to

the fact that the alloyed materials necessary to fabricate even the source and drain of devices with

exotic materials can have an unexpected effect on their single-event response.

The mechanism behind the charge collection enhancement in these devices was determined to

have a nature similar to those in the GaAs FET devices as described above (source/channel barrier

lowering), however, due to the more complex nature of the device, this effect is highly dependent

upon the bias condition of the device, and is delicately balanced such that it is only evident when
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Figure II.14: “Barrier lowering pre- and post strike in threshold and accumulation, obtained from a
horizontal cutline through the center of the channel” [36].

the gate voltage is near threshold. This delicate balance is illustrated in Fig. II.14, and is further

supported by the very narrow bandgap of the channel material, as shown in Fig. II.13.

This delicate gate bias dependence illustrates the potential difficulty in developing SEU mit-

igation strategies for devices with this material, and for other materialistically complex devices.

Further, the work of [36] provides a good example of the crucial nature of detailed numerical de-

vice simulation to understanding the single-event response of non-silicon materials. The level of

detail in device simulation is also of critical importance to work of this nature, as the duration of

transient pulses in these devices requires careful attention to sources of parasitic impedances from

measurement setups.

Silicon Carbide

Silicon carbide is another composite semiconductor that is well suited for high power and high

voltage applications, with some devices operating up to 10 kV [37]. Like its wide-bandgap counter-

parts, it has demonstrated an extreme resistance to radiation damage [38]. Though SEE information

on SiC devices is sparse, the experiments that have been carried out show interesting results with

similarities to other composite semiconductors. The work in [39] studies the charge collection

mechanisms in 4H SiC MESFETs by irradiating them with heavy ions of various LETs. Transient

signals produced by ion strikes when the device is in the ON-state are shown in Fig. II.15.
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Figure II.15: Current transients observed during ion strikes in SiC MESFETs, with device biased in
ON-state. Strike location is (a) in between gate and source, (b) at the gate, (c) in between gate and
drain, (d) at the drain. After [39].

Fig. II.15 illustrates an important aspect of the charge collection mechanisms at work, specifi-

cally enhancement mechanisms: in each strike that produces a signal, the source and drain current

can be seen to“turn on” after the strike, and the resulting transient lasts orders of magnitude longer

than the current transient in the gate, which is very short because it is not enhanced. This mech-

anism is quite similar to the channel modulation mechanisms reported in GaAs devices studied in

[34]. However, it is important to note that the charge enhancement factors (the ratio of charge gen-

erated by the ion strike to the total collected charge) reported for the SiC devices was much higher

than those reported for GaAs devices (∼2000 compared to∼20). This is a consequence of the high-

power and high-voltage nature of the device, which was biased at voltages an order of magnitude

higher than the GaAs MESFETs they are being compared to.

Destructive SEEs are of great concern in SiC devices, because of their very high operating volt-

age. High voltage diodes such as SiC Schottky diodes can be particularly susceptible to SEB, which

is related to avalanche breakdown; an ionizing particle can generate enough carriers in the high

electric field region of a reverse biased diode to essentially short the device terminals via avalanche
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Figure II.16: The bond pads on this SiC Schottky barrier diode, and the burnout traces circled, show
the material destruction caused by neutron-induced SEB. After [40].

multiplication. The work in [40] deals with neutron-induced SEB. In neutron-induced SEB, the

incident neutron liberates secondary ionizing particles that initiate avalanche breakdown. The con-

sequences of this breakdown are illustrated in Fig. II.16, which shows the destructive nature of this

failure mechanism. Complicating the effort to quantify and understand this phenomenon, diodes of

comparable operating parameters but different parts manufacturers exhibited SEB susceptibility that

were different by orders of magnitude. Monte Carlo simulations pointed to the conclusion that the

highly energetic carbon atoms liberated by incident neutrons play a key part in the SEB mechanisms

at work.
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II.4.2 AlGaN/GaN HEMTs

In the substantial collection of literature on single-event effects in microelectronics devices and

circuits, very few exist on GaN-based devices such as GaN HEMTs. Further, the studies that are

available at this time are not mechanism-focused, but rather are instead aimed in the direction of

parts qualification. No studies could be found on SEEs in GaN MOS-HEMTs.

Since one of the advantageous applications of GaN HEMT technology is to high-voltage and

high-power devices, it is instructive to compare the SEE reliability of GaN HEMTs to similarly-

applied silicon technologies. The work referenced in [10] uses a military-standard (MIL-STD-

750D) bench test for evaluating the susceptibility of a commercial GaN HEMT, and compares

its performance to high-voltage silicon MOSFETs (commercially-produced HEXFETs). Specifi-

cally, the researchers were investigating single-event burnout (SEB) and single-event gate rupture

(SEGR), though it was noted in the work that the lack of an insulating oxide layer in the GaN

HEMTs will prvent the device from failing by the same mechanisms as the MOSFETs.

The devices in [10] were irradiated with neutrons and heavy ions of LET, in silicon, ranging from

1.8 - 60 MeV · cm2/mg (1.3 - 47 MeV · cm2/mg in GaN). The experimental setup was verified by

recording failure statistics of the silicon MOSFETs and constructing corresponding cross-sections

curves as a function of LET. Failures were observed in silicon MOSFETs at LET as low as 18 MeV ·

cm2/mg (523 MeV Fe ions) . Failure in MOSFETs was also observed during 14 MeV neutron

radiation.

Consonant with gallium nitride’s previously demonstrated robustness, the GaN devices tested

in [10] showed far fewer failures than the silicon devices tested. No failures or functional changes

were observed during neutron, 139 MeV N ion (LET = 1.3 MeV · cm2/mg in GaN), nor 523 MeV

Fe ion (LET = 14 MeV · cm2/mg in GaN) irradiation. Further, while the authors noted both SEB

and SEGR failure mechanisms in the silicon MOSFETs, none of the failures in the GaN devices

exhibited this failure mode. Instead, the authors believed the few failures exhibited by the GaN

devices displayed behavior analogous to SEGR, as shown in Fig. II.17, which shows damage modes

under 236 MeV Br ion (LET = 32 MeV · cm2/mg in GaN) irradiation. The stair-step appearance

of the figure illustrates the dramatic increases in gate current induced by interaction with a single

energetic particle.
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Figure II.17: Gate current in GaN HEMTs under 236 MeV Br irradiation. Note that device under
lower -5 V gate bias demonstrated little change in gate current, while the -15 V bias condition
produced both “soft” degradation in gate current, as well as total failure. After [10].
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CHAPTER III

Experimental Methodology

III.1 Device Description

Each device under test (DUT) was an AlGaN/GaN HEMT or MOS-HEMT grown on a highly-

resistive silicon substrate. Fig. III.1a shows a schematic cross-section of the device, which is

described in further detail in [6]. The gate electrode is 300/2000/500 Å Ni/Au/Ni. A layer of 25%

Al AlGaN is followed by a 1 µm layer of (unintentionally doped) GaN. A 1 µm layer of GaN serves

as a transition to the resistive silicon substrate. The MOS-HEMT devices have a 4 nm insulating

layer of either HfO2 or Al2O3 deposited between the AlGaN layer and gate electrode. The two-

dimensional electron gas (2DEG) is formed in the GaN buffer layer, adjacent to the AlGaN, shown

by the red and black dashed line in Fig. III.1a. Fig. III.1b shows a typical band diagram of an

AlGaN/GaN HEMT near the 2DEG at zero-bias. The band diagram is along a one-dimensional

cutline through the center of Fig. III.1a that runs vertically under the gate and through the AlGaN

and GaN.

The structures of interest are arrays of two HEMT or MOS-HEMT devices, with two source

contacts and shared drain and gate contacts. The drawn gate lengths are either 3 µm (MOS devices)

or 4 µm (Schottky device). Each device has a source-to-gate and drain-to-gate spacing of 2 µm.

DC characteristics for an HfO2-gate device are shown in Fig. III.2. The layout of a single structure

(two HEMT devices) is shown in Fig. III.3. Note that each device is normally on unless a negative

gate bias is applied, and in general |VT, Al2O3 | > |VT, H f O2 | > |VT, Schottky|. Since the devices are

developmental in nature, variation is seen in threshold voltages, even with devices of the same

gate/gate-oxide type. VGE is taken as the effective gate voltage and VGE = VG - VT .

III.2 Pulse Capture Setup

The test setup employed for this study is constructed to measure a high-speed transient signal with

a real-time oscilloscope. The total collected charge is determined by numerically integrating the

signal waveform captured by the oscilloscope over time. Similar setups have been used in similar

work [1, 36, 41, 42] to capture radiation-induced transient response of devices.

26



Figure III.1: (a) Schematic cross-section of AlGaN/GaN MOS-HEMT. (b) Typical band diagram of
AlGaN/GaN interface showing 2DEG.

For all tests, the device under test was mounted on a custom-milled metal package fabricated

with microstrip transmission lines and 2.92 mm K-connectors. A similar custom package is shown

in Fig. III.4. The microstrip transmission lines are thin gold conductors separated from the ground

plane by a dielectric substrate. They are attached via conductive epoxy directly to the metal pack-

age. For a given connection to the device, short bondwires run from the bondpads on the die to

the microstrip conductor. Conductive epoxy connects the microstrip to the package-mounted K-

connector, which consists of a stress-relieving connection and a flange launcher, both of which are

impedance-matched to the rest of the system and have a bandwidth of 40 GHz.

The microstrip transmission lines are impedance-matched to the rest of the system (50 Ω char-

acteristic impedance), and are characterized by <1 dB loss at frequencies up to 30 GHz. To reduce

the effects of parasitic inductance between the bondwires coming off the chip and the microstrip

transmission lines, the bondwire lengths were kept as short as reasonably possible. Similar packag-

ing schemes have been characterized more quantitatively in [43]. All cables and connections in the
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Figure III.2: DC characteristics of HfO2-gate DUT. Drain Current is measured as a function of gate
voltage. Current measurements are shown for three drain voltage conditions.

Figure III.3: Layout mask of AlGaN/GaN DUT. Two devices share a gate and drain, while having
separate source contacts.

signal path are rated for bandwidths exceeding 24 GHz. The signal path components were chosen

to have a matched 50 Ω impedance from the microstrip transmission lines to the front end of the

oscilloscope used for the measurements. As discussed in the Background section, the accurate char-

acterization of every component in the signal path is crucial for making an accurate measurement.

S-parameters can be used to infer information about parasitics, attenuation, and reflection. Fig.

III.5, shows the S-parameters of a custom-milled high speed package composed of identical signal-

path components to those used in the experimental work, including gold bondwires, microstrip

transmission lines, and K-connectors. The frequency response of the high speed packages was

evaluated with an Agilent PNA-X N5245A programmable network analyzer. Two terminals were
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Figure III.4: Custom-milled high-speed package fabricated at Vanderbilt University specifically for
time-resolved charge collection measurements. Note the microwave transmission lines carrying the
signal to the bulkheads. After [36].

connected through a bondwire with similar length to that of the DUT connected between Port A

(input) and Port B (output). In the figure, S11 and S22 represent the input and output port reflection

coefficients, respectively; S21 and S12 represent the forward and reverse transmission coefficients,

respectively. At frequencies up to 25 GHz, the insertion loss (-S21) is <3 dB, and the reflection

coefficients at each port (S11 and S22) are <-10 dB. The quality of the signal path at high frequencies

is further supported by the time-domain reflectometry (TDR) measurement shown in the insert [44].

The DC bias for each terminal of the device is provided through a Picosecond Pulse Labs model

5542-219 bias-tee (50 Ω characteristic impedance, 40 GHz minimum bandwidth, 7 ps risetime).

The bias tee decouples the high-speed transient signal (AC) and the power supply (DC) to avoid

unnecessary stress on the scope. An Agilent 4156 parameter analyzer is used periodically to mon-

itor the health of the device and to record any shift in threshold voltage. In each experiment, DC

bias is applied to the gate and drain, and the source is connected to ground. The backside of the

die is attached via conductive epoxy to the metal package; the metal package is grounded for all

measurements.

The charge collection measurements performed are time-resolved, meaning they are calculated

based on recording the full transient current pulse induced by an ion. The recorded transients are

then processed using in-house software written specifically for handling data of this type: R.E.R.
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Figure III.5: S-parameters of custom-made high-speed package as a function of frequency up to 50
GHz. S11 tracks S22 almost exactly, and S12 tracks S21 almost exactly. The insert figure is the TDR
response of the same package. After [44].

Automated Transient Capture and analysis (RATACA). RATACA allows the user to apply param-

eterized filters to eliminate noise from the captured signals, however, due to the proximity of the

succeeding measurements to the noise level, this function was not used in this work. RATACA also

allows “selective integration” of the transient current pulse, which handles one transient pulse at

a time to pick out the peak (positive or negative), and determine reasonable values for integration

bounds around the signal (for example, the nearest points at which the signal has a value of zero).

The selective integration feature greatly reduces the noise in these charge collection measurements.

Current pulses are integrated in time to yield the collected charge value.
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CHAPTER IV

Charge Collection Measurements

IV.1 Broadbeam Irradiation

IV.1.1 Experimental Setup

Transient events were induced by strikes of 14.3 MeV oxygen ions provided by Vanderbilt Univer-

sity’s Pelletron electrostatic particle accelerator, supplying an average flux of 5 × 108 particles/s-

cm2. The beam spot diameter is approximately 3.8 cm, significantly larger than the size of the

device. Beam spot size was measured via X and Y raster-scans at the end of the beamline with a

0.03 cm2 aperture surface-barrier detector in 5 mm steps. Results were compared with backscatter-

ing measurements to determine relative intensity independent of beam current. All measurements

were made at room temperature. 14.3 MeV oxygen has an LET of 5.4 MeV · cm2/mg (GaN) and

a projected range of 9.7 µm in GaN [45]. Calculations from the Monte Carlo Radiative Energy

Deposition (MRED) code [45] confirm that the thin metal layers and passivation on these devices

have minimal effects on the incident ion energy.

Transients were measured in real-time using a Tektronix TDS6124C oscilloscope with a front-

end bandwidth of 12 GHz. Under the operating conditions described (measuring all four channels),

the sampling rate is 20 GS/s, resulting in a measurement resolution of 50 ps per data point. DC bias

was provided by an Agilent 4156A parameter analyzer.

The sampling rate of the scope and speed of the transients limit the information that can be

inferred directly from the shape of the transient signal. The two scopes used in this work have

maximum resolution of 50 and 20 ps per data point, meaning a 100 ps transient pulse will have,

at most, five data points. This inherently limits how well the scope will reproduce the transient

signal. However, this work qualitatively investigates the mechanisms of charge collection in these

devices, as opposed to quantifying the device response. Though the electrical characteristics of the

measurement setup (parasitic capacitance and inductance, reflection, scope limitations, etc.) will

have some impact on the shape and magnitude of the transient current signal, these factors do not

significantly affect the conclusions of this study.
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Figure IV.1: Drain and gate current transients produced in the DUT by 14.3 MeV oxygen ions:
VGE = -0.6 V, VD = 500 mV, VSA = 0 V, VSB = 0 V. Note the symmetry of the gate and drain signals,
and the absence of any transient signal on the source channels.

IV.1.2 Results

In the HfO2-gate DUT, current transients were observed exclusively at the gate and at the drain.

Fig. IV.1 shows a typical current transient on each of the four oscilloscope channels. The bias

configuration in Fig. IV.1 is a hard-off state. The threshold voltage VT of this depletion-mode

device is -4 V. In all cases the drain and gate currents were approximately equal and opposite to

within the resolution of the measurements. The voltage signal from the scope was converted to

current using the 50 Ω characteristic impedance of the scope input. Despite the high beam flux,

the number of detectable transient events was extremely low. In this work, a detectable transient

event refers to a recorded trigger on an oscilloscope, always on the channel connected to the gate,

as discussed in more detail below. Seconds to minutes passed between oscilloscope triggers. After

only a small number of transients are recorded, device performance begins to degrade, likely due to

displacement damage. Consequently, very few transient events could be recorded at each bias point

(∼10), far too few to report statistically significant information regarding bias dependence.

Charge collection efficiency observed was on the order of 10%. This approximate charge col-

lection efficiency was calculated using the integrated transient current signal from the scope, taking

into account the charge deposited by the ion into the AlGaN and GaN layers, as calculated using

MRED [45]. Charge collection enhancement is not observed in the broadbeam data (or for the

32



microbeam data).

The triggering channel was originally set to be the drain, in anticipation of transient current

between the source and drain. The channel was switched to the gate to better examine the observed

gate transient current [46]. Triggering on the gate later proved crucial in subsequent tests of Schottky

gate devices, as discussed in section III-D. Given the size of the noise compared to the signal being

measured, the trigger was set as low as possible, just above the 2.5 mV noise floor of the testing

environment. No transient current was observed between the source and drain.

IV.2 Microbeam Irradiation

IV.2.1 Experimental Setup

Devices from the same lot were tested using the Heavy Ion Microbeam at Sandia National Lab-

oratories [47] using a 48 MeV silicon ion beam, with LET of 10 MeV · cm2/mg (GaN) [45], and

an elliptical spot-size where full-width at half-max (FWHM)(x) = 1 µm and FWHM(y) = 2.4 µm.

The small, magnetically-focused spot-size of the beam allows collection of positional information

over the entire device structure with resolution equal to the respective (x) and (y) FWHM. After

exiting the Van de Graaff tandem accelerator, the beam is scanned in the x and y directions over

the surface of the device electrostatically [47]. In the case of the Schottky gate device, the substrate

is monitored by the scope via conductive epoxy on the backside of the die to capture any substrate

transients. The backsides of the MOS devices were grounded to the package as they were in the

broadbeam experimental setup.

Transients were measured in real-time using a Tektronix DPO72004 oscilloscope with a front-

end bandwidth of 16 GHz. Under the operating conditions described (measuring all four channels),

the sampling rate is 50 GS/s, resulting in a measurement resolution of 20 ps per data point. The

devices were biased using Keithley 2400 power supplies and were periodically monitored by an

Agilent 4156C parameter analyzer to verify the functionality of the device.

IV.2.2 Results

Multiple devices and device structures were investigated using the microbeam. HfO2 gate-oxide

devices, Schottky gate devices, and Al2O3 gate-oxide devices were measured. As observed in the

broadbeam experiments, the number of detectable events in the devices with insulating gate oxides
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Figure IV.2: (a) 10 µm × 10 µm area scan of a Schottky-gate device. (b) Comparable area scan
of an HfO2-gate device. Each point on each plot represents a detected transient event (gate-channel
scope trigger). Note the strong positional dependence on strike location. The number of observed
transient events is almost two orders of magnitude greater in the Schottky-gate device compared to
the HfO2 gate oxide device.

was very low. In the Schottky devices, the transient pulse appears between the gate and either the

drain or source, depending on strike location. No measurable current transients were recorded on the

substrate channel. As illustrated in Fig. IV.2a, where every point on the plot represents the location

of an oscilloscope trigger on the gate channel, a current transient is most likely to be observed when

the ion strike is near either edge of the gate. A few positional outliers can be observed in Fig. IV.2a,

likely caused by stray ions from the beam or another rare event. Triggering on the gate proved to be

the most reliable channel for each type of device; in no instance was a transient recorded between

only the source and drain. As in the broadbeam tests, the charge collection efficiency was on the

order of 10%.
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Figure IV.3: Mean collected charge in identical 10 µm× 10 µm area scans of a 4 µm gate Schottky-
gate device. Total collected gate charge trends weakly with increasingly negative gate bias.

A comparison of 100 µm2 scans with comparable bias conditions and beam flux is shown in

Fig. IV.2. Each of the two scans measures either a Schottky-gate or HfO2-gate device. The window

is 10 µm × 10 µm, and is centered approximately on the center of the gate. The scan covers the

entire gate in the (approximate) x-direction, as well as the access regions on either side. The number

of transient events observed in the Schottky-gate device, and thus the cross-section for measurable

events, is almost two orders of magnitude greater than that of the HfO2 gate oxide device, even

taking into account its slightly smaller size. The average peak current of the transients in Schottky-

gate devices was slightly larger in general. Far fewer gate-source transients were observed in the

HfO2 gate oxide device.

Comparably-sized area scans were also performed on the Al2O3 gate-oxide devices, but zero

events were recorded in these scans, as discussed further below. Irradiation of the Al2O3-gate device

was confirmed by other sensitive structures on the die, and device functionality was also confirmed.

In the Schottky-gate devices, both the total number of detected events and the mean collected

charge were strongly correlated to gate bias. The relationship of collected charge to gate bias is illus-

trated in Fig. IV.3. More charge is collected with increasingly negative gate bias. A more complex

trend has previously been observed in other types of III-V HEMT devices [36]. The increasing size
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of the error bars at lower voltages, especially the last point at -0.25 V, underscores that as gate bias

approaches the threshold voltage, and the field under the gate decreases, the number of observed

transient events falls off sharply. Given that a number of previous studies [36] have concluded max-

imum charge collection occurs near gate threshold (or pinchoff voltage), some other mechanism is

at work. One possible explanation is that the decreasing peak value of the current transient is pre-

venting the scope from triggering. Given the limited temporal resolution of the recorded transients,

nothing can be said about the shape of the transients with confidence. If the total collected charge

were increasing by pulses spreading out and peak current slightly decreasing, this measurement

setup would not be able to resolve it.
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CHAPTER V

Mechanisms

V.1 Simulation Setup

The device was simulated in 2D using Synopsys TCAD device simulation software [48]. The simu-

lated device was verified to have approximately equal DC (ID-VG) characteristics to the real device.

The simulated structure is shown in Fig. V.1, with the yellow arrow indicating strike location. The

simulated substrate is 20 µm of highly resistive silicon. An electrode is placed at the bottom of

this substrate and held at ground. The band alignment between HfO2 or Al2O3 and AlGaN corre-

sponds to conduction band offsets reported in [7] and [8], respectively. Ion strikes were defined to

be Gaussian in time and space (50 nm track radius, and 1 ps duration). The simulations resulted

in transients with comparable temporal profiles to the experimental data. The simulated transients

also appeared between the gate and drain or gate and source, consistent with the experimental ob-

servations reported above. In each simulation, current transients only appeared at the gate terminal,

concurrent with a transient at either the source or the drain, whichever terminal was nearest to the

strike.

V.2 Simulation Results

Fig. V.2 shows the equilibrium band diagram of an HfO2-gate oxide device. The cutline is taken

vertically through the device, through the center of the gate, and goes through the oxide, AlGaN,

and GaN. The valence band barrier for holes in the channel and AlGaN region to move to the gate is

very small (∼0.07 eV). Given the increasing amount of charge collected with increasingly negative

gate bias, and the small size of the valence band barrier, we conclude that the gate collects holes.

To illustrate the reason for the differences in the number of detectable transient events among

the various gate structures, equilibrium band diagrams are presented for the Schottky-gate device

in Fig. V.3 and the Al2O3 gate-oxide device in Fig. V.4. The valence band barrier introduced by

the Al2O3 layer is ∼0.8 eV, more than an order of magnitude greater than the valence band barrier

introduced by the HfO2 layer. Recall that the Schottky-gate devices had the highest number of

detectable events. Simulation results show that these devices also have no valence band barrier
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Figure V.1: Simulated device structure showing relevant dimensions and a particular strike location.
The resulting gate current transient from such a strike simulation is shown in the inset.

for hole collection at the gate. A comparison of the peak transient current height demonstrates

why more events were detected in some devices than others. Fig. V.5 shows typical gate current

transients in an HfO2-gate and a Schottky-gate device. On average, the peak current was higher in

the Schottky-gate device than the HfO2-gate device. Further, even the largest transients (by pulse

height) in the Schottky-gate device are only a few mV away from the noise floor of the scope (an

8.4 mV signal compared to a 2.5 mV noise maximum). In the HfO2- and Al2O3-gate devices, it is

likely that there are transient events that are too small to be resolved by the experimental setup.

In the Schottky-gate devices, transient pulses either appeared between the gate and drain, or the

gate and source. The mechanism behind this is best illustrated by visualizing the conduction band

pre- and post-strike along a horizontal cutline through the channel, along the 2DEG between the

source and drain contacts. Fig. V.6 shows this horizontal cutline in a simulated device constructed

like the one shown in Fig. V.1, except for the absence of the 4 nm oxide layer. The red trace in Fig.

V.6 shows the conduction band 25 ps after the strike. The strike occurs at the drain-side edge of

the gate. It reduces the conduction band energy significantly, but only on the side where the strike

occurs, leaving the overall barrier between source and drain intact. The same band reduction occurs

near the source when a comparable strike is incident on the source-side edge of the gate. These

devices have relatively large (3 µm) gates, and the temporal isolation of source and drain transients

may not be present in smaller devices.

Beyond the spatial segregation of the gate-drain/gate-source transient responses, there is also

spatial separation between the areas where these responses were observed. This fact is evident
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Figure V.2: Equilibrium band diagram of on HfO2-gate device. The oxide layer introduces a slight
valence band barrier between the gate and AlGaN layer.

from Fig. IV.2(b), which shows an empty area between the red and blue band-like regions where

ion strikes produced a measurable transient response. The band-like regions spatially correspond

approximately to the edges of the gate stack. To address the absence of measurable transient events

from strikes in the middle of the gate, the magnitude of the electric field under the gate is shown

in Fig. V.7. The vertical cutlines shown are taken at two locations: the center of the gate, and

the drain-side edge of the gate (the location of the ion strike in Fig. V.1). The figure focuses in

the top of the GaN layer, just under the AlGaN layer. The magnitude of the electric field, graphed

horizontally, is peaked near the edges of the gate stack on the drain and source sides, and the field

penetrates deeper into the material, as shown in Fig. V.7. A stronger electric field leads to increased

electric current, via Ohm’s Law, and the transient current that was measured was exceedingly close

to the noise level of the system. The presence of an increased electric field deeper into the GaN

layer also increases the effective collection depth of an incident ion, relative to the collection depth

for a strike in the center of the gate. Consequently, strikes to parts of the device where the electric

field is slightly weaker and shallower may not produce transient current of sufficient magnitude to

be detectable by the oscilloscope.
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Figure V.3: Equilibrium band diagram of Schottky-gate device. The absence of a gate oxide layer in
these devices promotes hole collection at the gate. This is due to the lack of a valence band barrier
between the gate metal and the semiconductor material.

V.3 Discussion

The simulation results show that the band alignment determines how much charge will be collected

by the gate. In the simulated Schottky-gate device, the ion strikes result in hole current at the gate

terminal. In the case of the HfO2 gate-oxide devices, transient gate current is observed because the

valence band barrier is not sufficient to prevent detectable amounts of charge from reaching the gate.

In the case of the Al2O3 gate-oxide devices, this wider-bandgap oxide introduces a more substantial

valence band barrier, and the magnitude of the hole current at the gate is much smaller than that

simulated in the Schottky or HfO2-gate devices.

The ability of charge carriers to move from the channel to the gate in the event of an ion strike

is a phenomenon that could potentially be exploited. The mechanisms of single-event gate rupture

(SEGR) are not completely understood [49]; hole pile-up near the interface, however, plays a role

by increasing the electric field in the gate oxide. [26]. The absence of hole pile-up in AlGaN/GaN

MOS-HEMTs may prove to reduce the SEGR susceptibility. This will be useful to explore in future

work.
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Figure V.4: Equilibrium band diagram of Al2O3-gate device. The oxide layer introduces significant
valence band barrier relative to the barrier in the HfO2-gate device.

Figure V.5: Direct comparison of typical gate transient currents in HfO2-gate (top) and Schottky-
gate (bottom) devices. Note the larger peak current in the Schottky-gate device transient.
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Figure V.6: Conduction band energy along a horizontal cutline following the channel of a Schottky-
gate device in the source-to-drain direction. The far left and far right regions of the figure are the
source-gate and gate-drain separation regions respectively. The strike induces localized conduction
band distortion, while the band energy on the side opposite the strike remains largely unchanged.
This helps explain the reliable isolation of events in the source or drain as shown in Fig. IV.2.

Figure V.7: Magnitude of the electric field along vertical cutlines through the gate of a Schottky-gate
device, focused at the top of the GaN layer. The electric field has peaks near the edges of the gate
stack, where the increased strength and depth of the field increase the transient current response in
those regions.
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CHAPTER VI

Conclusions

The goal of this work was to investigate the charge collection mechanisms in AlGaN/GaN MOS-

HEMTs. This was accomplished experimentally by making time-resolved charge collection mea-

surements with broadbeam and microbeam irradiation. The importance of the gallium nitride

material systems, as well as AlGaN/GaN HEMTs was discussed in the background section, with

emphasis placed on the advantages and challenges surrounding MOS-HEMTs. The motivation to

study charge collection mechanisms was also discussed, from the standpoint of single-event effects.

The advantages and challenges of making time-resolved charge collection measurements involving

picoseconds-long transients were also presented in the background section.

The AlGaN/GaN MOS-HEMTs (with HfO2-insulated gates) and HEMTs examined exhibited

significant charge collection at the gate, concurrent with charge collected at either the drain or

source. The physical mechanism behind this behavior was investigated with Synopsis TCAD device

simulation software. Device simulations show that the gate charge collection is a result of the band

structure of the device, which promotes hole collection at the gate. The presence of the oxide

layer decreases the number and peak current of detectable transient events in MOS devices relative

to comparable Schottky-gate devices. Concern was expressed regarding the possibility that the

experimental setup used in this work may not be sensitive enough to resolve diminished transients

from the noise, especially in the case of the MOS-HEMT devices.

Transient current between only the drain and source was not observed. The ion-strike induced

potential modulation in the channel is spatially limited to the region near the strike. This fact,

coupled with the relative large gate length of the device, leads to transient current appearing at either

the gate/drain or gate/source.The spatially limited potential modulation prevents any other current

path. Gate oxide material and band alignment play a key role in the charge collection mechanisms

of these MOS-HEMT devices. The ability of the gate oxide to conduct transient hole current may

reduce susceptibility to some failure mechanisms common in power FETs.
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