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Summary

The objective of this project has been the understanding of the physical limitation of GaAs, InP
and wide-bandgap semiconductors through experimental and the theoretical evaluation. In particular
evaluation of scaling properties, hot electron effects, breakdown phenomena and failure mechanisms
in AlGaAs/InGaAs and InAlAs/InGaAs High Electron Mobility Transistors (HEMT’s) and in In-
AlAs/InGaAs Heterojunction Bipolar Transistors (HBT’s) has been carried out. Physical phenomena
studied in this work include: (i) impact ionization; (ii) short-channel effects; (iii) quantum confinement
and real space transfer; (iv) failure mechanisms of GaAs- and InP-based dev1ces Devices adopting
wide bandgap semiconductors (SiC) have also been studied.

We have studied the impact ionization coefficient in Ings3Gag.47As material by using a suitable
HBT structure. A positive temperature coefficient has been found in this material. Theoretical work
has included the development of ionization models for InGaAs layers, and the inclusion of non local
ionization effects into drift-diffusion simulators.

Hot-electron effects in pseudomorphic AlGaAs/InGaAs HEMTSs has also been studied. The be-
haviour of electroluminescence at high fields has been analyzed and the presence of a band-to-band
recombination peak has been demonstrated. On the theoretical side, we have used the self consistent
HEMT Monte Carlo code to study short channel effects, impact ionization and electroluminescence in
pseudomorphic HEMTs GaAs/InGaAs/AlGaAs. The analysis also demonstrate that holes generated
by impact-ionization are able to reach the source and recombine there.

Accelerated tests at high Vps have been carried out both in GaAs- and InP based HEMT’s. Per-
manent degradation resulting in the development of a remarkable “kink” in the output characteristics
has been found. DC, pulsed, low-frequency AC and DLTS measurements demonstrate that the failure
mechanism consists in the creation of deep levels. We will also report on the elimination of the kink
effect and hot-electron degradation in InP-based HEMT’s which results from the insertion of an InP
etch stop layer on top of the InAlAs donor layer.

Hot electron behaviour of silicon carbide JFET has been analyzed in detail. The JFET gate current
I, due to collection of holes generated by impact-ionization has been measured. The multiplication
factor | Ig | /Ip has been found to decrease with temperature in agreement with the usual decrease
of the impact ionization coefficient at increasing the temperature. The breakdown voltage, however
decreases at increasing the temperature, and an anomalous kink effect occurs at low temperature.
Both anomalies seems to be related with an incomplete ionization of donor and acceptor impurities
and with the presence of deep levels.
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Introduction 1

Introduction

Both civil and military applications of microwave and millimeter wave systems require the devel-
opment of basic devices having extremely high transient frequencies, low-noise performances or good
power handling capabilities and excellent reliability. In the last few years, the continuous improve-
ment of the microwave performance capabilities of GaAs MESFET’s and of a variety of HEMT devices
and circuits has enabled the development of advanced military systems which, in turn, has favoured
the assessment of manufacturing capabilities to serve both the military and commercial marketplaces
[1,2, 3]. A large effort has been also devoted by defense industries and by the U.S. Department of
Defense to the improvement of HBT technology, culminating in the development of several digital and
analog applications [4, 5, 6, 7).

In the last years, new technologies have demonstrated improved performances and reliability; in
particular, the low-noise and power performances of pseudomorphic AlGaAs/InGaAs HEMTs have
been improved, allowing applications in systems up to 60 GHz. Double recess structures with fairly
high breakdown voltages (10-20 V) have been demonstrated, with power added efficiencies between
10% (around 1 W) and 50% (around 20 mW) at 60 GHz.

For higher frequencies, InP-based devices with sophisticated technological solutions are in contin-
uous development. InP-based HEMTs, usually adopting an Ing s3Gag47As channel have better noise
figures than GaAs-based HEMT’s for all frequencies, and better power added efficiencies at 94 GHz
and beyond; for sub-100 mW demonstrations, InP features PAE values in the 20 to 35% range. In
contrast, GaAs does not exceed 15% [8]. Due to the narrow bandgap of Ings3Gag47As, InP-based
HEMTs are plagued by low breakdown voltages. In particular, a high on-state breakdown is crucial
to enhance power output in InP-based HEMTs [9]; several technological improvements have been sug-
gested to control and reduce impact-ionization, including InGaAs/InP composite channels [10, 11],
asymmetric recess [12], double recess [13], and p-body contacts in order to remove excess holes [14]. A
further complication comes from the thermal coefficient of impact-ionization of Ing.53Gag.47As, which
increases at increasing the temperature [11, 15], thus possibly inducing a positive electro-thermal
feedback leading to device breakdown and burn-out.

Narrow bandgap semiconductors clearly dominate applications at extremely high frequencies. On
the opposite hand, for very high power applications at fairly low frequencies (i.e. for radar applications
at C, S and X bands and for base station transmitters at L and S bands), wide band-gap materials
such as GaN and SiC have emerged as leading candidates. [16, 17, 18, 19, 20, 21, 22, 23].

Silicon carbide devices (MESFETSs and SITs, Static Induction Transistors) can produce RF power
densities in excess of what is possible with GaAs MESFETs or HEMTs. A 53 W CW S-band (3 GHz)
4H-5iC MESFET having a PAE = 37% has been recently demonstrated [24]; 6H-SiC MESFETs that
can operate at frequencies up to X band (10 GHz) have been produced with 2.5 W/mm and power
added efficiency on the order of 45% at 6 GHz [25].

The breakdown mechanisms of SiC devices are different from those of narrow band-gap semicon-
ductors, possibly involving the contribution of non-completely ionized impurities [21]. Further studies
concerning impact-ionization and related effects in wide band-gap semiconductors are needed.

The purpose of this work was the theoretical and experimental study of the main factors which can
limit the rf power handling capabilities of GaAs-based and InP-based HEMTs. A preliminary study
of the breakdown characteristics of 6H-SiC JFETs and of their dependence on temperature was also
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carried out.
In particular, we addressed the physical phenomena which can affect the maximum operating voltage
of the above mentioned devices, i.e.:

¢ impact-ionization

¢ tunneling effects

o short-channel effects

e quantum confinement and real-space-transfer
¢ electro-thermal effects

e interaction between holes generated by impact-ionization and trapping effects

Since degradation mechanisms can also be accelerated by operating the devices at high voltages,
an extensive study of the effects of the reliability of pseudomorphic and InP-based HEMTs submitted
to aging tests at high Vps has also been carried out.

Results can be summarized as follows:

e In order to obtain a correct model of multiplication effects in HEMT devices, the impact-
ionization coefficient of Ing 53Gag.47As and its dependence on temperature have been measured
by means of suitable InAlAs/InGaAs Heterojunction Bipolar Transistors; a “delay” analytical
model has been developed to take into account the dead space effect and correct impact-ionization
data.

e A complete experimental characterization of hot-carrier effects in pseudomorphic HEMTs has
been carried out. These data demonstrate the effect of the accumulation of generated holes at
the source end of the devices in determining kink effects and premature breakdown.

e A self-consistent many-particle ensemble Monte Carlo (MC) simulator was used to evaluate
theoretically hot carrier effects. A three-valley nonparabolic band structure has been used for
each material layer. The MC procedure is coupled with a two-dimensional Poisson solver and
includes impact-ionization of both electrons and holes in the InGaAs and in the AlGaAs layers.
Monte Carlo simulations have been used here for the first time to evaluate dynamic impact-
ionization effects and to study the influence of device design on breakdown phenomena.

o The electroluminescence spectra of HEMT have been experimentally evaluated and have been
calculated within a tight-binding (TB) approach.

o The reliability of PM-HEMT and InP-based HEMTs submitted to hot carrier DC testing at
high Vps has been extensively studied, identifying specific failure mechanisms related to the
generation of deep levels in the gate recess region or at the surface of the gate-drain access
region.

e Impact-ionization and breakdown effects have been studied in 6H SiC JFETs grown on Lely
substrates. The data presented here demonstrate that incompletely-ionized impurities can gen-
erate anomalous effects such as frequency dispersion of the transconductance, kink effects, and
anomalous behaviour of the thermal coefficient of the breakdown voltage.
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Specific results are summarized in the Conclusions.

The report is organized as follows. The first Section describes the experimental analysis and
Monte Carlo modeling of hot carrier effects in GaAs-based pseudomorphic HEMTs and InP-based
HEMTs. A second Section is devoted to the results concerning the reliability analysis of PM-HEMTs
and InP-based HEMT’s. Finally, we present the results related with impact-ionization and incomplete
ionization of impurities in 6H SiC JFETs. Conclusions follow.
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Chapter 1

Measurements and modeling of the
impact ionization coefficient of
Ing 53Gag 47As

1.1 Impact Ionization on Ing53Gag4As HBTs

1.1.1 Introduction

The study of the ionization phenomena in InGaAs is of great importance both from the practical and
theoretical point of view. In fact, the current-voltage operating range and the noise figure of InGaAs-
based devices are adversely affected by the onset of impact ionization [26], which is enhanced due to
the low energy gap of this material. Theoretical [27] and experimental [28, 29] studies have predicted
and demonstrated a weak field dependence of the electron ionization coefficient ., in Ing 53Gag 47As at
medium-low electric fields (below 200 KV/cm). Furthermore, as opposed to the behavior observed in
most semiconductors, a reduction of the common-emitter breakdown voltage BV&EQ with increasing
temperature has been observed [28, 30] in InGaAs/InP HBT’s. An increase of ionization current with
temperature has also been reported in Ing.s3Gag.47As-channel HEMT’s [31]. The understanding of this
behavior is of great importance due to the possible onset of a positive feedback loop between power
dissipation and ionization-induced increase of output current. This may also be an important issue in
electro-thermal modelling of Ing s3Gag.47As-based devices.

In this work, we report data on both weak field dependence of the electron ionization coefficient
an at medium-low electric fields (below 200 KV/cm) and on the positive temperature dependence of
ay, in Ing 53Gag.47As, measured in Ing 53Gag.47As/InP HBT’s.

1.1.2 Samples and Measurement Technique

The devices used in this work were npn Ing 53Gag 47As-collector HBT’s fabricated at Hughes Research
Laboratories. The devices are grown on a semi-insulating InP substrate, with an nt Ings3Gag.47As
sub-collector, a 300 nm-thick Ings3Gap.47As collector with 5 x 10'5 ¢m~3 n-doping, a 50 nm-thick
Ing.53Gag.47As base with 3 X 10!° em™2 p*-doping, an InAlAs/InGaAs superlattice grading, and a
120 nm-thick n-doped InAlAs emitter. The emitter and collector junction area are 2 X 10 ym? and
5 x 14 um?, respectively.

The common-emitter breakdown voltage BV g in Ing 53Gag 47As-collector HBT’s has been demon-
strated to decrease with increasing temperature [28, 30]. We demonstrate here that this anomalous
temperature behavior is due to a positive dependence of the electron impact ionization coefficient o,
on temperature in Ing 53Gag 47As.
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Figure 1.1: Collector current, I¢ vs. the collector to emitter voltage Vcg at different temperatures in
a studied Ings3Gagq7As HBT.

The experimental technique is based on the measurement of the base current change Alg with
Veop and the collector multiplication factor M-1 in HBT’s biased in common base configuration, as
described in [29, 32]. o, is then calculated as the ratio between M-1 and the collector thickness W,
under the following assumptions: (i) @, > ap, where a, is the hole jonization coefficient; (i) M-1
< 1; (iii) the electric field is constant in the collector depletion region; (iv) a, is a function of the
local electric field. The validity of these assumptions is thoroughly discussed in [29, 32] and will not
be repeated here. We only point out that this technique allows an unprecedented sensitivity in the
extraction of a, at low electric fields.

Each measurement was performed at a fixed temperature varying Vog from 0 to 5 V. Measurements
were repeated at different temperatures in the range —100°C + +50°C. Great care has been taken
in order to estimate and minimize the contributions to the measurement coming from phenomena
other than impact ionization. In particular, the effect of base width modulation (Early effect) is
negligible [29]; base-collector reverse current I¢po is well below 5% of Alp at all temperatures; the
effect of device self-heating due to power dissipation was ruled out by repeating the measurement at
different values of Iz (from 10 to 100 xA) and observing that the values of M-1 did not change; the
common-base current gain ap shows a negative dependence on temperature.

1.1.3 Results and Discussion

The negative temperature dependence of BV¢go, reported in [28, 30], is also observed in our devices
as shown in Fig. 1.1. Unfortunately, common-emitter breakdown behavior could not be clearly
attributed to the effect of impact ionization alone in our case. In fact, despite the devices demonstrate
excellent stability and low base-collector reverse current when operated outside the breakdown region,
a permanent increase of I¢go, not compatible with M-1 measurement, was observed whenever a device
was biased close to breakdown voltage in common emitter configuration. This increase of Igpo was
attributed to accelerated degradation of the base-collector diode.

We verified carefully that no degradation took place during the common-base measurements of
Alp, and that Iopo remained within 5% of Alp, as stated in the previous section. This is not
surprising, since AIg measurements were carried out up to Vcp = 5 V, which is below the breakdown
region were BC diode degradation takes place. Since thermally-generated leakage current Icpo could
also affect our measurements, the relative weight of the impact ionization component and of the leakage
component of Al was evaluated by plotting Al vs Ig at fixed values of Vop. The linear dependence
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Figure 1.2: Impact ionization coefficient evaluated in our devices and compared with the values
reported in literature.

of Alp on Ig rules out tunneling and thermal generation as multiplication mechanisms, suggesting a
generation mechanism activated by the primary electron current arlg entering the collector region,
such as impact ionization. Furthermore, starting from the standard collector multiplication model
[33], it is straightforward to show that:

AlIg(Veg) = Ig(Veg = 0)—-Ip(Vo) = M - Icgo + (M-1)-af-Ig (1.1)

and thus the y-axis intercept of the Alp vs Ig curve yields the value of M - I¢po, which is an upper
bound to the value of Iogo(VeB), since M > 1. This allowed us to verify that Iopg is below 5% of
Alp(measured at Ig = 100 pA) at all temperatures. v

Then it makes sense to define a multiplication factor M-1 as the ratio of the multiplication cur-
rent Alg and the primary current Ic— | Alg | [29, 32]. Measurement of M-1 in present devices
demonstrates that M~1 monotonically increases with Vgp and with temperature. Possible spurious
contributions to Alg which may give a positive dependence on temperature have been discussed in
the previous section and ruled out for the present measurement.

The final result of the measurement procedure is a matrix of o, values taken at different temper-
atures and average collector electric field. At room temperature, the measured behavior of a,, against
the reciprocal of the average electric field is in good agreement with that obtained by Ritter et al., [28],
and by Canali et al., [29], as shown in Fig. 1.2. In particular, the medium-low-field tail (i. e. below
200 kV/cm) of the ay, curve is characterized by a weak dependence on the electric field, as predicted
by Bude and Hess [27]. They explain this anomalous behaviour in terms of the density of states in the
conduction band of Ing s3Gap.47As. Ings53Gag47As in fact is characterized by a low energy gap (0.75
eV) and a high separation between the L valley minimum and the T valley minimum (~ 0.55 eV). An
electron with energy just about the ionization energy threshold will have its final state in the I valley
after an ionization event. The same is true for the ionized electrons. Since the density of the state in
the I' valley minimum is low, only a small number of final state combination will satisfy the energy
and pseudomomentum conservation at the same time. Consequently, the ionization rate is limited by
the number of possible final states, and shows a weak dependence on the electric field until the energy
of the ionizing electrons is sufficiently high that it allows the states in the L valley to become the
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final state. From this point, the number of possible final states increases dramatically, resulting in a
stronger dependence of the ionization rate on the electric field. _

The key result of this work is the positive temperature dependence of a,, shown in Fig. 1.3 (open
circles) at an average electric field F=125 KV/cm, which is opposite with respect to that observed in
most other semiconductors. As an example, in the same figure we also reported the corresponding
behavior of @, that we measured in GaAs at a different field F=225 KV/cm (filled squares) using the
HBT’s described in [32]. The “ordinary” behavior observed in GaAs, that is, the decrease of a, with
temperature, is attributed to temperature-enhanced phonon scattering reducing the population of the
primary electrons high energy tail. Indeed, popular models of impact ionization like Okuto-Crowell’s
[34] can easily fit both electric field and temperature behavior of &, in GaAs. On the contrary, fitting
the medium-low electric field tail (below 200 KV /cm) of a,, in Ings3Gag.47As with the same model
yields unrealistic values of mean free path and ionization threshold energy, and a negative temperature
coefficient of a,,.

The failure of this model may be linked to the fact that, according to Bude and Hess [27], at
low electric fields impact ionization in Ings3Gag47As is limited by the low density of states near
the I'-valley minimum and not by the number of primary electrons with energy above the ionization
threshold. In this picture, temperature-increased phonon scattering, which reduces the population of
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the high energy tail of the electron distribution, would have little effect on the ionization rate. On
the contrary, the reduction of the energy gap Eg (and thus of the ionization threshold energy) with
increasing temperature seems to play a dominant role on a, temperature behavior. This is clear from
Fig. 1.4, in which the natural logarithm of e, is plotted against Eg, showing a negative exponential
relation. ' _

It should be stressed that these anomalous behaviours of the impact ionization coefficient (at low
electric field and as a function of temperature) must be deeply understood in order to fully characterize
the breakdown behaviour of Ing 53Gag 47As-based devices.

1.2 Modeling the impact ionization of Ing;3Gag4;As. The delay
model

Device simulation has become a fundamental part in the development and optimization of electronic
devices. Next to standard approaches such as the Drift Diffusion (DD) method [35], which has lead
to several commercial software packages, newer techniques are also available, ranging from hydro-
dynamical approaches to particle-based simulations, such as the Monte Carlo (MC) or the Cellular
Automaton (CA) methods [36, 37, 38]. In general one pays the enhanced physical content of the
latter approaches with a heavier computational load. Thus is particularly true in the presence of high
electric fields. While physical simulators require then an accurate description of high energy effects,
DD methods can rely on simplified phenomenological approaches. As above mentioned, however, con-
ventional models fail to describe the impact ionization coefficient of Ing s3Gag 47As. In this section we
describe a model for impact-ionization which allow us to exploit the speed advantages of DD methods
while incorporating the main physical features of the impact-ionization process.

1.2.1 Impact Ionization in Drift Diffusion and Monte Carlo Simulators

Impact-ionization is the phenomenon by which a hot carrier colliding with a valence electron creates
a new pair of carriers, both available for conduction. An accurate model of impact-ionization must
account for the high energy behaviour of carriers, since the threshold for the process is at least
equal to the energy gap of the semiconductor under consideration. The best treatment in terms
of physical accuracy is provided by the MC method, which. typically includes impact-ionization by
associating to each carrier ionization probability per unit time, dependent on the carrier status (energy,
velocity, momentum etc.). Several levels of refinement are possible, based on simplified bands and
phenomenological impact-ionization rates , or on complete bands and microscopical impact-ionization
rates. The latter approach has been applied mainly to bulk semiconductors, due to its numerical
complexity, while the former one can be applied to devices. Recently, a MC analysis has been presented
for an AlGaAs/GaAs Heterojunction Bipolar Transistor (HBT) [39, 40], which perfectly reproduced
available experimental results both on the multiplication factor as well as on the electroluminescence
spectra of the device in a near breakdown regime [32, 41, 42]. There, a three valley non-parabolic
model was implemented for electrons and holes, together with the Kane model for impact-ionization.
The main conclusions of that work have been:

1. The average energy and the ionization coefficients reach their maximum not at the base-collector
junction, where the electric field reaches its maximum, but rather inside the collector. Such effect
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is referred to as “dead space” effect [43, 44].

2. Electrons and holes gain considerable energy in the collector due to the presence of very high
electric fields. As a result, the electron and hole distribution functions are very hot, leading to
strong ionization processes and to radiative transitions within the conduction and the valence
band, respectively [32], responsible for the observed electroluminescence.

Although the MC simulation is physically very accurate, it is also extremely time consuming. It would
therefore be preferable, in the context of device modeling (and especially in the presence of ionization
phenomena), to use faster numerical tools such as those based on the DD algorithm. There, the
following equations are used:

d dv
dz (e’d?) ==f (1.2)
I, = qpu,F — gDy 22+ J. = qnu, F + gD, 2" 1.3
» = qPUp qu:z’ n = qnpiy Qndx ()
dJ, A
= =g¢(G-R) = — , (1.4)

In Eq. 1.4, impact-ionization is accounted for by means of the generation term, G. Unfortunately
such approaches do not correctly describe hot carrier and non local effects, unless ad hoc phenomeno-
logical corrections are implemented. Now we will briefly revise the widely accepted way to deal with
impact-ionization in conjunction with Egs. 1.2 + 1.4.

1.2.2 Failure of ‘local’ models

The most common method to deal with impact-ionization phenomena in DD simulations is represented
by the Local Model (LM) [45, 46]. Within such model the probability to generate a impact-ionization
event in (z,z + dz) for a carrier moving in the +z direction is considered to be only dependent on
the local electric field. Under this hypothesis, impact-ionization can be fully characterized by means
of the mean free path between ionizing collisions, both for electrons, (l,), and for holes, (I,). The
impact-ionization generation rate is linked to the (/;) parameters and to the currents by the equations

_ _4p _ _dhn
qG =arJ, + ,BLJp = dz dz (15)
1 1
ar =+ ; B = — 1.6
L=y P (1.6)

Here ay, and By, represent the ionization coefficients of the LM for electrons and holes respectively.
Equation (4) is usually introduced referring to a constant electric field, but can be extended to a
generic field shape by assuming the impact-ionization coefficients to be function of the local electric
field. Within the LM, the impact-ionization process in a given semiconductor under a specified electric
field is fully characterized by a pair of real numbers, namely the ionization coefficients. Equations
1.5-1.6 can be used to link the impact-ionization coefficients (i.e. the inverse of the carriers mean free
path between ionizing collision) to macroscopically observable quantities, such as the multiplication
factor or the breakdown length [45]-[47]. Such equations can, in turn, be applied to extract the II
coefficients as a function of the electric field from experimental data [45, 48, 49, 29, 28]

1.2.3 Monte Carlo analysis: the dead space concept

The dispersion in the experimental determinations of the impact-ionization coefficients arises from
the inadequacy of the LM. In order to clarify this point we refer again to a Monte Carlo simulated
experiment, by considering an electron current entering a region where a strong electric field (F = 5-107
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Figure 1.5: Number of ionizing collisions for unit time predicted with Monte Carlo simulation both
for primary and secondary carriers. The quasi-exponential decay of the number of ionizing collisions
due to the primary allows to define dead spaces and DM ionization coefficients.

V/m) is applied. For simplicity, only electron ionizations are allowed in the simulation. In Fig. 1.5,
the number of ionizing collisions (per unit time and volume) is plotted as a function of position. Two
types of processes are considered: the first (primary) collision of the carriers that enter in the field
region, and all other (secondary) collisions, that is the further collisions of the primary carriers and
those due to the carriers that are generated within the field region. Figure 1.5 clearly illustrates a
fundamental physical feature of impact-ionization process, that is the “dead- space” effect: a carrier
must travel a certain distance before reaching the threshold energy for impact-ionization. The “cold”
injected primary electrons are not immediately available for impact-ionization. Thus, a dead-space
zone (d,) where no jonizing collisions occur is present near the contact. Equivalently, the dead-space
effect can be described by the associated energy (Ey ) gained from the carriers over the d, length.
For a constant electric field, threshold energy and dead- space are related by the equations

Ethp = q|F|dp 5 Egnn = g|Fldy, (1.7)

for holes and electrons respectively. It is often more convenient to speak of threshold energy because
such quantity is generally less sensitive to the field value than d;, and often, as a first approximation, it
is considered to be constant for a given semiconductor. E:p ; represents the energy that a carrier must
receive from the field to appreciably initiate impact-ionization. Secondary carriers came into existence
only after the primary ones collide, that is not before = = d,,. Asit can be seen on the figure, they also
cannot ionize before another dead-space, that is around z = 2d,,. The reason of such behaviour can be
understood in the light of the microscopy of the ionizing event. When the primary carrier impinges on
the valence electron, it release its energy almost completely to generate a hole-electron pair roughly
in rest condition. Accordingly, all secondary carriers can be assumed to restart their motion close
to zero kinetic energy. This behaviour, totally neglected in the LM, must be taken into account to
adequately reproduce the impact-ionization process. The mean free path between ionizing collision is
only a first order description of the process. The dead space concept gives further information and, if
considered in a suitable form, can add in accuracy to an adopted model, as we will see shortly.
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1.2.4 Delay Model: description and implementation

We will refer here to a region with a step-constant, positive electric field. The generalization to
arbitrary field profiles will be discussed later. We further assume, for the sake of simplicity, that
carriers are approximately in the same rest condition after suffering an ionizing collision, or after
being generated by an ionizing collision. Under these hypothesis a very general procedure for impact-
ionization modeling can start by considering the spatial probability density of the ionization event,
Po(z) (Pp(z)), for a rest electron (hole) entering the field region at ¢ = 0 [50]. Clearly, P,(z) = 0,
z > 0and Ppy(z) = 0, z < 0. Field edge inclusion is easily accomplished with the further assumption to
consider equal to 0 the impact-ionization probability soon after the field falls to 0. Under the previous
assumption egs. 1.5 must be substituted with the more general

(ln) =| Pu(2) |5 (1) =| Po(2) | (1.8)

where overbar indicates the expected value calculation. Different choices for the P;(z) functions would
lead to different degrees of accuracy of the model and for the associated computational effort. If the
P;(z) functions are taken as simple exponentials of the form

aretor® <0
Fa(e) = {oL " 250
ePrz >0

Py(z) = { gﬂ 229 (1.9)

then the LM is recovered. As we have previously shown, most of the limitations implicit in the LM
arise from the fact that the dead space effect is neglected. The simplest assumption that allows
to overcome such difficulty is to consider the P;(z) functions to be delayed exponentially decaying
functions of the type

_ apetop(@+dn) g < g,
Fae) = { 0, ' z>—d,
— ﬁDe—ﬁD(z_dp)y z 2> dp
P(z) = { 0. e (1.10)

that is, to assume that the probability of a hole (electron) initiated impact-ionization event oc-
curring between z and (z + dz) ((z — dz)) is 0 until the carrier travels a dead space length, and
Bpdz (apdz) afterwards [50]. The reason for such an assumption can be supported by the following
observation. It is easily understood that the shape of the curve referred to as primary in Fig. 1.5 is
proportional to P,(—z) . As we see it is very close to a delayed exponential. Particularly it is possible
to extract ap and d, from a fitting procedure. Similar arguments hold for holes. We can show that
the previous assumptions, which define the DM of impact-ionization, lead to the following expressions
for the generation rate [51] (see also [52] where carriers are used instead of currents)

dJ,

dlp _ ~_  H H_ 4 ‘

T =¢G = apJ;’ +BpJ,; = T (1.11)
z4dn

JH = Jn(a:-i—dn)—aD/ JHdy! (1.12)
x
* H

JH = Jp(z - d,,)—ﬂD/ ) Jilda! (1.13)
Z—dp
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Equations 1.11-1.13 are valid if impact-ionization is the only relevant generation-recombination
mechanism. The appropriate boundary conditions are

Jf (z) = 0, z<d,
JH@) = 0, z>W-d,
J5(0) JTpo
(W) = Juw (1.14)

The DM is actually equivalent to the model developed in [50],[53] to study the mean gain of
avalanche photodiodes. Equations (10-12) can be easily inserted in Drift Diffusion simulators, whose
solution can still be accomplished via an iterative scheme, as proposed by Gummel [54]. Equation 1.11-
1.13 have been introduced referring to constant fields, but they can be easily extended by assuming
both threshold energies and impact-ionization coefficients to be dependent on the local electric field.
Within the DM, the impact-ionization characteristic of a given semiconductor under a specified electric
field are expressed by two pairs of parameters: the ionization coefficients and the threshold energies for
electrons and holes, respectively. Those parameters are linked to the mean free path between ionizing
through Eq. 1.8 which takes the form

)=~ tdy; (o) = —+4d, (1.15)
P p P T ap

The terms are usually negligible in the lower field range, but their contribution increases with field
strength. Similar results were reported for the first time in [52] by Y. Okuto and C. R. Crowell, but up
to now they have not been received considerable attention. It should be noticed that Eqs. 1.11-1.14
have been introduced referring to constant fields, but they can be easily extended by assuming both
threshold energies and impact-ionization coefficients to be dependent on the local electric field.

1.2.5 Parameters extraction for Delay Model

A practical way to obtain the DM parameters is to apply general techniques of error minimization.
Let us suppose that different experimental values are available, such as the multiplication factors
(3;) for electrons and holes, for a certain number of devices under a specified bias condition. First,
the field shape, F;(z) corresponding to each value has to be determined. Then, a sample set of the
unknown functions (ap(F),Bp(F), Ehn(F), Espp(F)) is chosen, in correspondence to an arbitrary
number (P) of field values, F,(k € (1, P)), and a guess is made about the range of variation of the
4P unknown samples ap(F), Bp(F3), Ethn(F1), Ethp(Fr). The extraction procedure simply consists
of two further steps: in the first we randomly choose the value of the 4P unknown samples in their
relative range of variation. For each choice we simulate all the N structures using a suitable function to
interpolate the samples, and we calculate an error function which could be just the simple mean root
square of the differences between experimental and calculated log(M;) values. By tracking the sample
set which gave the minimum value, we reduce the searching range and update its bound to maintain
the central value over the best samples set. When the error function decreases under a prescribed
quantity, the last step starts, consisting of a simple gradient search for the minimum value of the
error function until the zero value is reached. A series of improvements can be thought of in order to
enhance the method convergence and accuracy, depending on the particular device that furnished the
experimental data. The fundamental point is that, thanks to this method, we can successfully extract
a set of highly reproducible parameters that can be used to describe impact-ionization process in a
given semiconductor. If we restrict our attention to structures with low overall multiplication factor
(M -1 < 1), many simplifications can be done on the full DM, that allow a faster parameter extraction.
We have applied the described algorithm to experimental data measured on npn InP/Ing s3Gag.47As
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Figure 1.6: Universal DM ionization coefficient for electrons on Ing.53Gag 47As compared with previous
LM determinations. The calculated values, used in DM drift diffusion simulator, allow a perfect
calculation of the multiplication factors in both HBTs.

HBTs [28, 29]. In such transistors the electron current injected from the base flows in the collector
region growing because of II processes, the strength of multiplication depending on collector bias.
The electron multiplication factor, M,, is defined as the ratio between the collector current and the
electron current injected from the base into the collector

n = J_:‘Q'

With a s’gited procedure [29, 55] the M,, dependence on collector polarization for a given device
can be extracted with great sensitivity. Both structures considered in [28, 29] are operating in the
range of collector biases that satisfy the relation M —1 <« 1. For sake of simplicity we have made the
widely accepted assumption to consider E;, independent on the local electric field (at least for the
range of fields considered). The procedure to extract an estimate of the ap(F) and d(F’) functions
proceeds by applying the algorithm detailed. We calculated the field shapes in the collector region for
the device reported in [29] by means of a drift diffusion simulator, using doping data obtained with
C-V measurements [55]. For the structure reported in [28] we referred to the nominal doping value,
reported in the original work. In Fig. 1.6 we finally plot the universal electron impact ionization
coefficient for Ing s3Gag.47As extracted from our algorithm at the threshold energy of 1.25 eV (see
[27]) in the considered field range. It is worth reminding that, if the LM was to be used (as actually
done in [28, 29]), the ionization coefficients for the two structures would differ from one another. The
calculated values on Fig. 1.6, used in DM-based drift diffusion simulator, allow a perfect calculation
of the multiplication factors in both HBTs.



Chapter 2

Study of short channel effects and of
hot-carrier phenomena in High

Electron Mobility Transistors
(HEMTSs)

2.1 GaAs-based AlGaAs/InGaAs Pseudomorphic HEMT’s

2.1.1 Introduction

AlGaAs/InGaAs/GaAs pseudomorphic High Electron Mobility Transistors (PM-HEMT’s) have been
commercially available for a few years and have proven successful in a variety of applications, including
microwave and millimeter-wave low-noise amplifiers, high performance low-noise amplifiers at Q-band,
and V-band monolithic power amplifiers [56, 57, 58].

Mastering hot-electron phenomena is of crucial importance for the design of power AlGaAs/InGaAs
pseudomorphic HEMT’s, since highly energetic carriers are responsible for on-state device breakdown,
which can limit the microwave power of HEMT’s [59, 60]. Hot-electrons and impact-ionization effects
also negatively influence the device rf and noise behaviour [61].

Recoverable drift phenomena can derive from the trapping/detrapping of hot-electrons, and/or
from the recombination of holes generated by impact-ionization with electron trapped in deep levels.
In the worst case, permanent reliability problems may also arise, mostly consisting in the formation
of defects or in the breaking of atomic bonds, which result in the generation of deep levels [62, 63, 64,
60, 65, 66, 67]. :

Spectroscopic analysis of electroluminescence (EL) has been extensively used to characterize hot
carrier effects in MESFET’s and HEMT’s, starting from the works of Zanoni al. [68], Zappe et
al. [69] and R. Ostermeir et al. [70]. In [71] we demonstrated that the dominant contribution
in the electroluminescence spectrum of AlGaAs/GaAs HEMT’s around the 1.4 eV region was due
to recombination of electrons with holes generated by impact-ionization. We also observed, in the
spectra of AlGaAs/GaAs and AlGaAs/InGaAs HEMT’s [72, 73], a peak due to the band-to-band
recombination of ‘cold’, non energetic, electrons and holes. This strongly suggested the presence of
holes in the low-electric-field region of the device (gate-to-source region) [74]. ,

Recently, N. Shigekawa, T. Enoki et al. [75, 76] were able to directly observe spatially-resolved
electroluminescence at energies corresponding to direct recombination in the Ing s53Gag47As channel
of InP-based HEMT’s. By using a device having fairly large gate-source and gate-drain separations
(8 pm) they demonstrated that the electroluminescence emission related to the recombination peak
actually comes from the gate-source low electric field region. The authors also showed that the
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photoluminescence spectra measured without applying bias voltage are identical in shape to the elec-
troluminescence ones, a further confirm that EL is due to electron-hole recombination in the InGaAs
channel.

All the experimental data summarized above confirm the results of device numerical simulations
carried out in the impact-ionization regime of MESFET’s or HEMT’s [77, 78, 79]. Hole transport
in n-channel heterojunction FET’s has been studied by means of 2D drift-diffusion simulation by
Kunihiro et al. [80]. Their simulation show that holes generated by impact-ionization in the high-field
region near the drain travel to the source region. Due to the energy barrier at the heterointerface, the
generated holes are confined to the channel layer, and accumulate near the source region as the drain
voltage is increased. The accumulated holes lower the potential barrier of the source-channel junction,
resulting in an increase in the drain current and output conductance. A similar bipolar effects has
been described also by B. J. Van Zeghbroek et al. [81] and A. Neviani et al. [74] for MESFET’s, and
by Y. C. Chou et al. [82] for PM-HEMT’s.

It should be stressed that this bipolar effect leads to a positive feedback mechanism possibly
resulting in device breakdown (the presence of holes induces an increase in the drain current, which,
in turn, leads to the generation of an increased number of holes). This could possibly explain the recent
observations of burn-out occurring when a certain level of gate current is reached [9, 83]. Transport
phenomena of generated holes therefore significantly contribute to the determination of breakdown
effects in HEMT’s.

PM-HEMT’s currently adopted for power microwave amplifiers have channel lengths in the 0.1
pm + 0.3 um range, with drain-source voltages Vps which can easily exceed 5 V. At these bias
levels, extremely high electric fields are present in the gate-drain access region, and significant hot-
carrier phenomena have been observed, such as infrared and visible light emission and the increase
in negative gate current I, due to holes generated by impact-ionization and collected at the gate
electrode [84, 73]. All these effects demonstrate the presence of highly energetic carriers which can
trigger device breakdown or degradation. :

Previously reported failure modes consist in (a) recoverable increase in drain current due to com-
pensation of negative trapped charge by holes generated by impact-ionization [63]; (b) development
of electron traps in the gate-to-drain access region, inducing a permanent decrease in Ip and the so-
called “breakdown walkout”,i.e. an increase in the breakdown voltage of the gate-drain Schottky diode
[64, 60]; (c) increase in the density of interface states present at the AlGaAs/InGaAs heterointerface
due to hot carrier stressing, resulting in catastrophic Ip decrease [65)].

In this part of the report we analyze carrier transport phenomena occurring in pseudomorphic Al-
GaAs/InGaAs HEMT’s biased in the on-state impact-ionization regime. In particular: (i) we confirm
the presence, in the electroluminescence spectra of pseudomorphic HEMT’s, of 2 dominant contribu-
tion due to electron-hole recombination, and we identify a composite peak due to recombination of
cold carriers; (i) we analyze the recombination peak using a high-resolution monochromator, which
reveals the fine structure due to transitions between electron and hole subbands in the channel quan-
tum well, thus providing useful data concerning the properties of the InGaAs HEMT channel. This
kind of information is the same available from photoluminescence spectra, but can be obtained directly
on production HEMT’s in operating conditions; (iii) by means of high resolution spectral analysis and
spatially-resolved electroluminescence micrographs we demonstrate that recombination between non-
energetic electrons and holes occurs in the gate-source region, as observed by N. Shigekawa et al. [75]
for InAlAs/InGaAs HEMT’s on InP. This recombination emission is superimposed to a less intense
contribution mostly coming from the gate-drain region. This contribution has a nearly maxwellian
distribution which extends to fairly high energies ( > 3 eV ) and has equivalent temperatures in the
1000 - 3000 K range; (iv) we also show that at high Vps and electric field, significant recombination
occurs in the AlGaAs layers, which demonstrates the real space transfer of both electrons and holes.
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Figure 2.1: Schematic representation of the simulated device

We also report on a new failure mechanism of AlGaAs/InGaAs PM-HEMT’s, which has been
observed after hot carriers DC accelerated tests. Indeed, a permanent degradation has been found,
consisting in the decrease of drain current and of the absolute value of the pinch-off voltage |V, | at low
Vps. DC, pulsed and low-frequency AC analyses, current Deep Level Transient Spectroscopy (DLTS)
and photoinjection measurements demonstrate that the failure mechanism consists in the creation of
deep levels under the gate which act as electron traps at low gate-to-drain electric fields.

2.1.2 Short channel effects in PM-HEMTs

This part of the report is dedicated to the study of short channel effects in PM-HEMTs on GaAs.
We focus mainly on the high speed performance of such devices when the gate length has nanometer
dimensions.

Performance enhancements of high electron mobility transistors (HEMT) are mainly achieved by
scaling down the device gate length using high resolution electron beam lithography. Improvements of
such characteristics as gate capacitance, transconductance and transit frequency are expected and they
should be connected with high nonstationariety in short devices: most electrons are traveling through
the gate-controlled active zone without suffering any scattering, or suffering very few. Under these
conditions of ballistic transport, one can reach very high drift velocities, much higher than stationary
ones.

In order to study quantitatively the short channel effects on drift velocity and transit frequency
of a pseudomorphic HEMT, two devices with different gate lengths have been studied using our self
consistent many particle ensemble Monte Carlo (MC) simulator. A three valley nonparabolic band
structure is used for each consistent material. The electron trajectories are traced in two dimensions in
real space subject to all the principal scattering agent. Polar optical phonon, deformation potential and
impurity scattering mechanisms are present, as well as the action of the self consistent two dimensional
electric field profile. The MC procedure is coupled with a two dimensional Poisson solver. Transport
of holes and impact ionization are not taken into account in this study. All simulations assume room
temperature operations.




20 Hot Flectron in HEMTs

1600
1400 - Vpg=1V &
1200 o

1000 4
800 - —_, 0

600 — ./

Ips: (MA/mm)
r-
()
It
-t
[~
[ )
poo §
3
R 3

400 +— )/
o + -« Lc=500 nm
200 T

VR U Sl ! ! ! !

v

-24 -20 -16 -12 -08 -04 00 04 0.8

Vas (V)

Figure 2.2: Calculated transfer characteristic for the two simulated devices.
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Figure 2.3: Calculated transconductance for the two simulated devices.

The simulated devices are schematically presented in Fig. 2.1. The level of 6-doping of the AlGaAs
donor layer is Ny = 5 - 10"2cm=2. The regions under the source and drain contacts are intensively
doped down to the middle of the channel, in order to provide the highest possible carrier density in
the channel. The source-gate (Lsg) and gate-drain (Lgp) lengths are equal for both devices (Lsg =
Lep = 200nm), while the gate length (L) changes: the short device has Lg = 100 nm and the long
one Lg = 500 nm.

The calculated transfer characteristics for both devices are shown in Fig. 2.2. Drain current
decreases with gate length increases. In the current saturation region at high gate voltages the ratio of
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Figure 2.5: Electron velocity averaged in y-direction as a function of the distance along the device
for the a channel length of 100 nm measured at Vps = 1 V. x-axis is along channel length, y-axis is
perpendicular to the channel.

drain current in two devices under consideration is only 1.5. One can see (Fig. 2.3) that the maximum
transconductance is larger for the smaller device, as expected by the theory [85]. The shorter gate
length device tends to loose the transconductance more rapidly when the gate voltages Vgg exceed
-0.5 V, thus achieving values comparable to those of the larger device. This is due to both real-space
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Figure 2.6: (a) Schematic cross section of the 0.25 um gate length PM-HEMT devices. (b) Drain,
Ip, and gate current, Ig, as a function of Vpg at different values of Vgs (Vgs = -0.6 V to 0 V, step
0.1V).

transfer of electron in the parasitic AlGaAs channel and to the more substantial reduction of gate
capacitance (CG) at high gate voltages, caused by lower quantity of carriers in shorter gate length
device [85].

In Figs. 2.4 and 2.5 the electron velocity averaged in y-direction is plotted as a function of the
distance along the device for the 500 nm and 100 nm gate length devices, respectively. The peak of
the velocity in the end of gate region is 1.4 times more pronounced for 100 nm gate length device,
but the line shape seems to be the same for both HEMTs. The figures clearly show the presence of
the ballistic transport of particles at short gate length device, since the average velocity at low gate
voltages exceeds the drift velocity in conventional materials at least 1.5 times.

2.1.3 Samples description and experimental apparatus

Tested devices were fabricated by MBE, with the structure shown in Fig. 2.6(a). From top to bottom
the layer sequence consists of a highly doped GaAs cap layer, a 35 nm Alg 2Gag.gAs upper barrier layer
with an active Si doping concentration of about Np = 2-10'®cm~3, a 2 nm undoped Alp.;Gag.sAs
upper spacer layer, a 12 nm Ing2Gag sAs undoped channel layer, a 2 nm undoped Alp 2GaggAs lower
spacer layer, a 400 nm Alp.2GagsAs lower barrier layer on a GaAs buffer (with superlattice) followed
by the semi-insulating GaAs substrate. The Alp2Gag sAs barrier layer below the channel contains
an 8 nm thick doping layer with an active doping concentration of about Np = 2-10® cm™3. A
T-shaped, recessed gate with gate length Ly = 0.25 um was adopted. Source-to-drain distance, Lsp,
measured from contact edges is 1.5um; gate width, W, was varied from 80 pgm to 240 pm. To avoid
metal/semiconductor interdiffusion effects, a refractory metal-interdiffusion barrier was chosen for the
gate metallization. Alloyed AuGeNi contacts were used for source and drain. Devices were passivated
using SiN. Typical devices have a maximum drain current Ipsar/W = 450 mA/mm; the value of
drain saturation current measured at Vps = 2 V, Vgs = 0 Vis Ip = 170 mA/mm. The maximum
transconductance, measured at Vps = 2 V, Vgs = 0 V is gmmax = 400 mS/mm. Typical cut-off
frequency, fr, of these devices is about 50 GHz.

Electrical measurements have been carried out by means of a Hewlett-Packard 4155 Semiconductor
Parameter Analyzer. Great care has been taken to avoid oscillations during DC measurements. Mea-
surements as a function of temperature have been carried out in a temperature-controlled chamber.

Optical measurements have been obtained using the apparatus described in [72]. The devices were
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Figure 2.7: (a) Ig vs Vgs at high Vps (Vps = 8 V). (b) |Ig|/Ip vs Vs merasured at different
temperatures, T. '

assembled in a temperature controlled chamber and the emitted light was collected through an optical
fiber (3 mm in diameter) placed about 1 mm away from the device. Two monochromators have been
used; the first, suitable for low-resolution, wide range spectroscopic analysis has a resolution of 0.02
eV; the other one allows high resolution spectra to be measured (bandwidth less than 0.003 eV). The
spectra analysis of the emitted photons was carried out using the monochromators and two single-
photon-counting photomultipliers suitably cooled in order to improve the signal to noise ratio. The
photomultipliers used are: 1. EMI 9684 (S1 response) and 2. EMI 9816 (S20 response) and cover
the spectral range from 1.1 eV to 6 eV. After an amplitude selection the pulses at the output of the
photomultipliers were shaped using a constant fraction discriminator (ORTEC 583) and were sent to
a counter (ORTEC 776) driven by a computer.

2.1.4 Electrical measurements

Figure 2.6(b) shows the output characteristics of a W = 180 um device at room temperature. A re-
markable increase in the (negative) gate current Ig takes place for Vpg > 4 V. When the devices under
test are biased at high Vps, due to the high electric field present in the gate-drain region, significant
hot-electron phenomena take place. In particular, electrons can reach energies high enough to create
electron-hole pairs by impact-ionization. Impact-ionization rate can be evaluated by measuring the
negative (outgoing) gate current, Ig, which is due to the holes generated by impact-ionization and
collected at the gate electrode. The kink observed in the output I-V characteristics is possibly due to
the onset of impact-ionization, which causes hole pile-up at the source, compensating negative charge
trapped in the gate recess region, as it will be explained in Section IIL

The bell-shaped behaviour of I as a function of Vgg is the typical signature of impact-ionization,
see Fig. 2.7(a). In the impact jonization regime the behaviour of Ig as a function of the gate voltage
Vgs at constant Vps is non-monothonic, as reported in Fig. 2.7(a). Starting from pinch-off, |Ig]
first increases as Vgs increases, due to the increasing in the drain current and consequently in the
number of high-energetic electrons in the channel; then it decreases, as Vgg further increases, due to
the lowering of the gate-drain electric field and, consequently, of the electron energy [86]. When the
temperature is lowered, electrons undergo a reduced phonon scattering thus achieving higher energies.
As a consequence the impact ionization rate increases giving rise to a higher gate current, see Fig.
2.7(a).

As it has been shown by K. Hui et al. [87] in an n-channel FET structure the |Ig|/Ip ratio is
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Figure 2.8: a) |Ig| vs. Vpg in semi-logarithmic scale measured at Vgs = -0.2 V and at 210 K. The
continuous line represents the extrapolated data, obtained from Fig.2.8(b), and indicates the hole
induced gate current that should be detected in absence of leakage. b) |Ig|/Ip vs 1/(Vps — Vpssat)
measured at Vgs = -0.2 V and at 210 K. The exponential dependence observed at high Vps confirms
the impact ionization model and allows us to extrapolate (continuous line) the |Ig|/Ip ratio at low
Vps where the leakage is dominant.

proportional to the a, - L.sy product, where o, is the electron impact-ionization coefficient of the
channel material, and L.g is the extension of the channel region where impact-ionization takes place:

1 —Less )
Ig|/Ip ~ «Legs ™~ Lesys+ —= ) >~ Less- —_— .
I GI/ D = Qp - Leff eff e:cp( E) eff * €TP (VDS — VDSsat (2 1)

E is the longitudinal electric field in the L.y region and Vpgar is the drain saturation voltage.

In Fig. 2.7(b) the gate current to drain current ratio Ig/Ip is shown. For Vgs < -0.3 V the
reverse current of the gate-drain Schottky junction dominates Ig; the device is pinched-off and the
drain current is decreasing as Vgg is pushed towards negative values. This explains the increase in
Ig/Ip going from -0.3 V to -0.5 V in Fig. 2.7(b). For -0.3 V < Vgs < -0.1 V impact-ionization
dominates Ig, and the Ig/Ip ratio is almost constant. For Vgs > -0.1 V the decrease in the gate-drain
electric field, together with the temperature increase (due to the increase in power dissipation) and
the possible transfer of electrons to the AlGaAs layer contribute to lower the impact-ionization rate
down to very low values. At decreasing the temperature, the gate current and the multiplication ratio
increase due to the reduced phonon scattering and improved electron transport properties, which lead
to more energetic electrons.

Figure 2.8(a) shows the gate current in semilogarithmic scale as a function of Vpg for Vgs = -0.2
V and T = -60 °C. The plateaun at low Vps (Vps < 3 V) in Fig. 2.8(a) is related to the gate diode
leakage and reverse current. The reverse current decreases at low temperature. At 210 K, the reverse
current at Vgp = - 2 V is approximately 10 pA, which demonstrates the good quality of the gate
Schottky junction.

According to Eq. 2.1, by plotting in a semi-logarithmic scale |Ig|/Ip versus 1/(Vps — Vpsart), a
straight line is obtained, see Fig. 2.8b, which allows one to extrapolate the |Ig|/Ip curve down to low
Vps values, thus obtaining an indication of the Vpg value ( ~3 V) which marks the onset of impact
ionization, see continuous lines in Figs.2.8(a) and (b).
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Figure 2.9: (a) Emitted light intensity as a function of energy at T = 240 K for various Vpg and at
Vgs = 0V. (b) Recombination peak spectra, evaluated with an higher resolution system for different
Vps (at Vgs = 0 V, T=160 K).

2.1.5 Electroluminescence measurements

The electroluminescence radiation emitted by the devices under test, biased at high Vps, was analyzed
in the 1.1 - 2.6 eV range. Figure 2.9(a) shows electroluminescence spectra taken at 240 K in a device
biased at Vgs = 0 V from Vpg = 6 V to Vpg = 8.5 V. As it has been already observed for PM-HEMT’s
[84], the spectra consists of a nearly-exponential component, of a broad peak in the 1.2 - 1.4 eV region,
and of a high-energy tail at energies larger than 2 eV.

We measured the average logarithmic slopes of the central portion of the spectra, which are ap-
proximately maxwellian. In the following, will refer to this values as ‘equivalent temperatures’, Teq,
of the photon energy distribution. It should be stressed that these equivalent temperatures are used
only with the aim of comparing the relative ‘heating’ of the photon distribution in the various bias
conditions. In fact, it has already been demonstrated for Si MOSFETSs that there is no direct corre-
spondence between this photon equivalent temperature and the effective temperature of the carrier
energy distribution [88].

The equivalent temperatures increase from 1100 K at Vps = 6 V to 1900 K at Vpg = 8.5 V.

In order to better appreciate the various components of the peak centered around 1.35 eV, we
analyzed it at an higher energy resolution (at T = 160 K), see Fig. 2.9(b). Three different peaks have
been identified, plus a possible fourth one, which appears as a “shoulder” at 1.35 eV. The shape of
the recombination peak does not change significantly at increasing the drain-source voltage, see Fig.
2.9(b). Only the intensity increases, again following the increase in the impact-ionization current.

The peak centered around 1.35 eV has been analyzed also as a function of temperature, see Fig.
2.10(a). Electroluminescence peaks can be better resolved at low temperature; for temperatures higher
than 195 K, thermal quenching possibly occurs [89], and the highest energy peak disappears, see Fig.
2.10(a).

Since the depth of the Ing;Gag sAs channel layer is 120 A, quantization of energy levels occurs,
as previously observed [11, 90]. We therefore attributed the peaks in Fig. 2.9(b) and in Fig. 2.10(a)
to radiative recombination between conduction and valence subbands in the InGaAs quantum well,
(91, 84, 92]. Due to the strong band bending which occurs in the device under bias, the parity selection
rules between envelope functions vanish in these devices, leading to the observation of radiative re-
combination between conduction band sub-level C2 and heavy-hole sub-level HH1. The energy of the
peaks shifts toward higher values as the temperature is decreased. Figure 2.10(b) shows the shift of
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Figure 2.11: Emitted light intensity as a function of energy at T = 160 K for various Vpg and at Vgs
= -0.3 V. The peak at 1.7 eV measured with an higher resolution system at Vpg = 8.5 V is depicted
in the inset.

the energy of the C1-HH1 and C2-HH2 peaks as a function of temperature, corresponding to a linear
coefficient of approximately -0.4 meV /K. The behavior of peak energy as a function of temperature is
compared to that of the energy gap of Ing.oGag gAs, as reported in [93]. The intensity of the peak also
increases at decreasing the temperature, following the corresponding increase in Ig, see Fig.2.10(a).

The shape of the recombination peak does not change significantly at increasing the drain-source
voltage, see Fig.2.9(b). Only the intensity increases, again following the increase in the impact-
ionization current. 4

Beyond Vps = 8 V a peak at ~ 1.7 eV appears, Fig. 2.11, which corresponds to band-to-band
recombination in AlyoGaggAs.
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Figure 2.13: (a) Ip, |Ig|, Ig - Ip and 1.3 eV light emitted as a function of Vs, measured at Vpg =
8 V, T=160 K. (b) Emitted light intensity as a function of energy emitted by the gate-drain device
~ section (source floating) biased at a constant reverse current Igp = —40pA. T = 4300 K.

-The intensity and the Sha,pe'of_ the emitted spectra markedly depend on Vgs, see Figs. 2.12(3,2
and (b) and Fig. 2.13(a). The behavior of the intensity of the emitted radiation is non monotonic, -
and drops below the sensitivity of the detection system for Vgg < -0.6 V and Vgg > 0.2 V, despite Ip
is monotonically incieasing as Vg is increased from pinch-off to positive values. On increasing Vgs
the gate-drain electric field decreases, leading to a decrease in the electron energy; as a consequence,
the equivalent temperature of the high energy photon distribution decreases from T= 3200 K at Vgs
= -0.6 VtoT = 1000 K at Vgg= +0.2 V, following the corresponding decrease in Ig/Ip, see Fig.
3(b). Impact ionization also decreases, and the electron-hole recombination peak disappears.

Figure 2.13(a) compares the 1.3 eV radiation intensity with gate current Ig, drain current Ip, and
their product Ig - Ip, all measured as a function of Vgg at T = 160 K, with Vpg = 8 V. An astonishing
correlation between the electroluminescence intensity at 1.3 eV and the Ig : Ip currents product is
obtained. '

The electroluminescence spectra obtained in the on-state conditions have been compared to the
spectrum measured when only the gate-drain junction is reverse biased at a constant gate current,
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Figure 2.14: False-color emission microscopy images taken in on-channel conditions in correspondence
of the maximum negative gate current (maximum impact-ionization), at Vps = 8.5 V and Vgg =
-0.3 V, RT. Left, (a) , micrograph taken through a 1.35 eV bandpass filter (recombination peak): the
emission is located between gate and source. Right, (b) , bandpass filter at 2.1 eV (hot carriers);
emission occurs between gate and drain.

with a value of Ig ~ 40uA, corresponding to the one measured in the open channel conditions (In
this condition Vpg ~ —11 V). In this bias conditions, only the electrons which are injected from the
gate due to field-assisted thermionic emission are able to impact-ionize, so that a much higher electric
field value between gate and drain is needed to sustain the same Ig as in on-state conditions. As a
consequence, the equivalent temperature observed is much higher than in on-state, i.e. Teq = 4300 K,
see Fig. 2.13(b). Moreover, in these bias conditions, the recombination peak completely disappears.
The spatial distribution of the emitted radiation was observed by means of an Hamamatsu Phemos
P200 emission microscopy system. Several micrographs were taken with different applied bias, both in
the on-state and in the off-state conditions. For all bias conditions the emission was evenly distributed
along the gate fingers, and no current filamentation or preferential breakdown point was observed.
In order to identify the origin of the various spectral components, micrographs were taken through
band-pass filters. The bias conditions corresponding to the maximum gate current and light intensity
were chosen, i.e. Vgs =-0.3 V at Vpg = 8.5 V. Tolocate the site of the emission of recombination peaks
we adopted a bandpass filter centered at 1.35 eV; the sensitivity of the microscope detection system
was reduced, so that the imaging system was actually capable of detecting only the high intensity
peaks. Despite the gate dimension of 0.25 um is close to the optical resolution of the microscope, we
can notice that recombination emission at 1.35 eV clearly comes from the gate-source access region, see
Fig. 2.14(a). Another micrograph was taken using a bandpass filter at 2.1 eV, i.e. in the high energy
tail of the spectra, and the maximum detector sensitivity. As it is shown in Fig. 2.14(a), no emission
is detected between gate and source, and all the signal is collected between gate and drain. Of course,
if we keep the sensitivity of the detector at the maximum level, we can observe this emission between
gate and drain also at 1.3 eV. By comparing the spectra taken with the HEMT in saturation, Figs. -
2.9(a), 2.11, and 2.12, with those taken when only the gate-drain Schottky contact and heterojunction
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Figure 2.15: Schematic representation of the simulated device

(source floating)is reverse biased, Fig. 12, we can conclude that the electroluminescence spectra of
pseudomorphic HEMTs are due to the superimposition of two components: (i) a continuous ‘hot
carrier’ emission, extending from the infrared to the visible region; (ii) isolated recombination peaks.
The former is related to the presence of hot carriers in the high field gate-drain region of the devices,
and is responsible also for the emission in two-terminal breakdown conditions, Fig. 2.13(b). The latter
contribution comes from the low field gate-source region, and is present only in the three-terminals
saturation bias conditions, see Figs. 2.9(a), 2.11, and 2.12.

2.1.6 Simulation of the impact ionization and electroluminescence in PM-HEMTs

We have previously applied our MC simulation to the study of short channel effects in PM-HEMTs.
There we deliberately neglected impact ionization. We present now the results of the simulation when
impact ionization is accounted for, and the dynamics of the impact-generated holes is followed in
parallel to the electron one. The presence of electrons and holes in the InGaAs channel open the
way for radiative recombination processes leading to band edge electroluminescence. We show that
the MC results can be used in conjunction with a Tight Binding approach to effectively calculate
electroluminescence spectra which agree well with experimental results.

The structure of the simulated HEMT is shown in Fig. 2.15. The gate length is 250 nm. A double
heterostructure (AlGaAs/InGaAs/AlGaAs) is present, that guarantees better electron confinement in
the channel. Delta doping is used in the upper as well as in the lower barrier. Ohmic contacts are
simulated by two highly doped regions that penetrate from source and drain pads directly into the
channel region. No channel quantization has been considered.

Figure 2.16(a) shows the simulated transfer characteristics of the device (at t = 20 ps). The
simulated structure correspond to the test devices described in the previous section. The HEMT
switches off with a bias Vgg of -0.9 V. In Fig. 2.16(b) we see that, for values of Vpg higher than 3 V,
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Figure 2.16: a Transfer characteristics of the device, as obtained from Monte Carlo simulations at t
= 20 ps. b Simulated gate current as a function of the gate bias for several drain bias, t = 20 ps.
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Figure 2.17: Representation of the transport dynamics of holes generated by impact-ionization. At

t=0 the impact ionization processes are switched-on.

a negative current (about two orders of magnitude lower than the drain current) is collected at the
gate. Such current is due to those holes that are generated in the high field region of the channel and
travel toward the gate. A larger number of holes do actually move back towards the source contact,

accumulating near the source contact region.
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Figure 2.19: Impact ionization rate in the simulated HEMT, at Vps= 8 V, Vgs=0V, t = 20 ps.
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The gate current displays a maximum as a function of Vgg as already observed and discussed in
the 2.1.4 section.

In figures 2.17 the dynamics of the generated hole is followed for a bias condition of Vgs = -0.2

V and Vps = 8 V. Time zero correspond to the stationary simulation performed without impact
ionization. At this time the ionization processes is turned on. At short times (400 fs) we can see that
holes are generated at the gate end of the channel, in correspondence to the high fied region where
electrons are very hot. After 5-10.ps, holes are moving towards gate and source contacts. At longer
times (30-50 ps) holes reach the source contact region and accumulate there, thus creating a condition
for direct electron-hole radiative recombination. Injection of holes in the top and bottom AlGaAs
layers is also clearly visible.
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2.1.7 Monte Carlo simulation of electroluminescence effects in PM-HEMT’s

Under bias conditions close to the breakdown of the device, the electrons gain energy from the high-
field gate to drain region and are able to move to upper valleys. Since in the upper valleys the effective
mass is higher, the electrons lose velocity and consequently the carrier density increases as shown in
Fig. 2.18. At the same time, since the potential energy is higher than the electron’s energy gap,
electrons are able to generate holes via the impact ionization process.

Figure 2.19 shows the simulated impact-ionization rate in the tested HEMT (the device structure
is shown in Fig. 2.16) biased at Vps= 8 V, Vgs= 0 V. As expected, electron-hole generation mostly
occurs in the InGaAs channel, in the gate-drain region, where the electrons reach their maximum
energy. Some ionization events also occur in the top AlGaAs layer in the same device region, see
Fig. 2.19. The generated hole radiatively recombine with electrons. In order to calculate the HEMT
electroluminescence we have developed a tight-binding (TB) approach. This allows us to describe
electronic and optical properties of nanostructure devices beyond the usual envelope function approx-
imation and to account for strain, band non-parabolicity, and indirect band gap at the same time.
The band structure obtained within the TB approach compared with a pseudopotential result is given
in Fig. 2.20. '

Optical properties within the tight-binding approach are obtained by using a recent theory pro-
~ posed by M. Graf and P. Vogl [94] which allows one to calculate those properties without introducing
" new fitting parameters.

By using the distribution function as obtained by the MC simulation and the TB calculation we are
able to calculate the electroluminescence spectra of the HEMT. The calculated electroluminescence
spectra, for T = 195 K, as a function of the emission energy are shown in Fig. 2.21 (bottom),
together with the hole density (top). The picture shows the accumulation of holes under the gate
" and in the gate-source region. Indeed, holes created in the gate-drain region are sweeped ba,ck from
the electric field and reach the gate-drain region where they stops since the electric field is quite
low. The electroluminescence is high close to the gate and decreases moving in the source direction.
Moreover, the electroluminescence is composed by a broad peak around 1.3 eV ad two other minor
peaks close to 1.35 eV. In order to clarify the electroluminescence spectrum we show in Fig. 2.22
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Figure 2.21: Hole density and electroluminescence spectra in the simulated HEMT, Vpg= 8V, Vas=
0V, t=20 ps,. The spectra are taken at a depth y = 50 nm (inside the InGaAs channel) and at various
position x along the channel. Recombination peaks occur at x=450 <+ 500 nm. '

the electroluminescence spectrum as a function of emission energy for a given channel position. A
comparison with available experimental results is given.

We observe that the bias induced bending of the quantum well forming the channel allows radiative
recombinations of electrons and holes even from levels normally forbidden under flat band condition.
Indeed, as shown in Fig. 2.23 , the C2 — HH1 transition is forbidden for a symmetric quantum well,
but becomes allowed when the well is distorted by the band bending (see Fig. 2.24) Furthermore,
we observed that the emitted light is mainly polarized in the in-plane direction since the levels have
essentially a heavy-hole character.
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Figure 2.22: Comparison between calculated and measured electroluminescence spectra
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2.1.8 Discussion and Conclusions

We have shown in Figs. 2.9(a), 2.11, and 2.12 that the on-state electroluminescence signal emitted
by HEMTs in saturation region consists, in the 1.1 eV - 3.1 eV energy range, of a series of peaks in
the 1.25 - 1.45 eV region, of a peak at 1.7 eV, followed by a central part having a nearly Maxwellian
behaviour and by a long high-energy tail extending well beyond 2 eV. We start our discussion with
the analysis of the high-energy portion of the spectra. Photons with energies larger than 1.45 eV
are emitted from the gate-drain region of the device, where the longitudinal electric field and carrier
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Figure 2.24: Band edge profile of the HEMT channel

energies are at their maximum. As a consequence, the intensity and equivalent temperature of this
photon distribution closely follow the dependence of electric field on Vps and Vgs, i.e. they increase
at increasing Vps, see Fig. 2.9(a), and decrease at increasing Vgs, see Figs. 2.12(a) and (b), with
the same behaviour of the multiplication ratio Ig/Ip. Measurements of electroluminescence in this
spectral region therefore provide a reliable and noninvasive monitor of hot carrier transport phenomena
in submicrometer HEMTs.

Light emission in the gate-drain region is accompanied by remarkable carrier multiplication effects
due to impact-ionization. Holes, generated by impact-ionization, are accelerated by the intense electric
field present in the gate-drain region. Part of them overcome the AlGaAs/InGaAs barrier and are
collected by the gate contact, thus originating the negative gate current. Part remain in the channel
and travel towards the source as also demonstrated by Monte Carlo simulation.

At very high Vps, simultaneous real space transfer of electrons and holes occurs, leading to car-
rier transport in the AlGaAs layer, which is confirmed by the appearance of a recombination peak
corresponding to the energy gap of AlpoGaggAs.

Most of the holes, however, remain in the InGaAs channel, where they lose their energy and
recombine with ‘cold’ electrons in the gate-source region, thus giving rise to recombination peaks
whose energies correspond to the transitions between the different sub-band levels in the quantized
InGaAs channel layer.
 The high resolution analysis of the electroluminescence spectra allows one to obtain data concerning
the layers structure and integrity. These data have also been confirmed by tight binding calculation
fitting. The type of information which is provided by high-resolution electroluminescence is the same
as in the case of the photoluminescence technique, but can be carried out on completed devices in
operating conditions, and does not require flat wafers or special test structures.

Emission microscopy and Monte Carlo simulation clearly demonstrates that recombination between
cold carriers occurs at the source end of the channel, Figs. 2.14 and 2.17, as already observed by
Shigekawa et al. in InAlAs/InGaAs HEMTs on InP [75, 76].

The parasitic bipolar effect due to the presence of positive charge in the gate-source channel and
channel/buffer regions can give rise to a positive feedback mechanism eventually leading to device
breakdown and burn-out in on-state conditions (the positive charge enhances electron injection in the
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channel at the source end, and this electron current at his turn enhances hole generation by impact- .
ionization at the drain end). This may explain why on-state breakdown voltage can be significantly
lower than drain-source off-state value [83].

In conclusions, we have carried out a series of new electroluminescence measurements in pseu-
domorphic HEMT’s biased in the ‘hot-carrier’ regime. The presented data, beside confirming the
capabilities of electroluminescence spectroscopy and microscopy for the analysis of hot carrier effects
in submicrometer devices, demonstrate the importance of taking into account hole transport and the

related parasitic bipolar effects in the modeling and evaluation of on-state breakdown of pseudomor-
phic HEMT’s.
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2.2 InP-based Ing;53Gags7As HEMTs (lattice_-matched on InP)

2.2.1 Summary

InAlAs/InGaAs/InP High Electron Mobility Transistors “InP-based” (HEMTs) have demonstrated
excellent high-frequency and low-noise performances. The application of these devices to power mil-
limeter wave systems, however, is limited by the enhanced impact-ionization effects which take place in
the narrow-bandgap InGaAs channel. Enhanced impact-ionization effects have a number of negative
consequences, such as reduced off-state [95, 96, 97] and on-state [98, 83, 11, 9] breakdown voltages,
increase in output conductance and kink effects [99, 100], permanent device degradation [9, 101].

In particular, recent work [83, 9] has underlined the relevance of on-state breakdown voltage in
determining device power and reliability [102]. On-state breakdown is determined by impact-ionization
in the InGaAs channel [98, 11, 75, 76).

Several approaches to enhance the breakdown voltage of InP-based HEMTs have been adopted.
Enoki proposed a composite channel combining a thin layer of Ing 53Gag.47As and InP as the channel
material [103]. With this structure, it is possible to exploit the advantageous physical properties of
both materials, i.e. the high electron mobility of Ing53Gap 47As at low electric fields, and the high
breakdown and saturation velocity of InP at high electric fields [104, 105).

Another approach to improve the breakdown voltage is to reduce the thickness of the Ing 53Gag 47As
channel to the order of the de Broglie wavelength, which makes it possible to enhance the effective
bandgap in the channel due to quantum size effects (channel quantization). Channel quantization
is believed to emerge as a promising approach for exploiting the excellent transport properties of
In0_53Ga.o.47AS [106].

In this work we employ both approaches described above to improve the breakdown voltage. We
present a detailed study of the on- and off-state breakdown behaviour of Ing 53Gag 47As InP composite-
channel HEMT's with a variable Ing s3Gag.47As layer thickness of 30 A, 50 A and 100 A. Our results
strongly suggest that by reducing the Ing s3Gag.47As layer thickness, and consequently increasing the
effective channel bandgap, both on- and off-state breakdown phenomena in these InP-based HEMTs
can be optimized without compromising device performances.

2.2.2 Device Description and DC characteristics

To study the effect of channel quantization on breakdown in InGaAs/InP composite-channel HEMTs,
a basic device structure was designed. The only variable design-parameter was the thickness of the
InGaAs channel, varied as 30 A, 50 A and 100 A, while keeping the other layers unchanged. A
schematic of the InGaAs/InP composite channel HEMT employed in our study is shown in Fig.
2.25(a). All heterostructures were grown by MBE on a semi-insulating InP-substrate. From bottom to
top, the basic structure consists of an Ing 52Alg 43As buffer layer, a 100 A InP layer doped 2-1018¢m—3
followed by a 50 A undoped InP layer, which acts both as a spacer layer and a channel. Then, a
Ing 53Gao.47As channel with a variable thickness of 30 A, 50 A and 100 A was grown, followed by
a 15 A spacer layer and a 50 A Si-doped (8 - 10!8cm=3) IngszAlo4sAs donor layer. Finally, a
250 A undoped Ing.40Alo.60As Schottky layer was grown, followed by a 70 A doped (5 - 10'8cm=3)
Ing 53Gag.47As cap layer. In the resulting structure the conduction electrons are confined within
the channel and essentially form a two-dimensional electron gas. The increased Al content of the
Ing.4AlgeAs Schottky layer has been chosen aiming at increasing the gate Schottky barrier height,
thus improving the gate-drain diode breakdown voltage [107].

Reducing the channel thickness to values comparable to the de Broglie wavelength of the electrons
causes some phenomena related to the wave-particle duality of the electron to become evident. One
of these phenomena is the quantization of the electronic states in the channel in the direction per-
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Figure 2.25: (a) Schematic cross-section of the basic InAlAs/InGaAs/InP composite-channel HEMT.
(b) Effective energy-gap Eg s as a function of channel thickness, calculated solving the Schrédinger
equation in flat band conditions (square well approximation).

pendicular to the heterointerface plane [90]. The resulting discrete energy levels can be calculated by
self-consistently solving the Schrédinger and Poisson equations, as shown in [104], where devices with
InGaAs/InP composite channel structure similar to our devices were studied. The main result is that,
at low electric fields (under the source end of the gate) most of the electrons are confined in the low
energy gap, InGaAs channel, while at high electric fields (under the drain end of the gate) most of the
electrons are located in the InP sub-channel [104)].

Channel quantization also results in increased effective energy gap Eg ., which can be defined as
the difference between the first quantized energy levels in the conduction and in the valence band.
The relation between Eg s and the channel thickness is depicted in Fig. 2.25(b), which was obtained
by solving the Schrodinger equation alone (that is, in flat band condition). Due to this approximation,
the result might be inaccurate, but it is useful to demonstrate that Eg (¢ increases when the channel
thickness is reduced.

Sheet charge densities and electron mobilities have been characterized using Hall measurements at
25 °C (see Table 1). Both the sheet electron density and the mobility decrease with decreasing channel
thickness. HEMTSs with 0.15 um gate lengths and drain-to-source spacings of 2 pm were fabricated for
all three layer structures with variable Ing 53Gag 47As channel thickness. Electrical characterization of
the devices was done using a HP4145 semiconductor analyzer.

The DC current-voltage characteristics (at Vgs = 0 V) of the 30 A, 50 A and 100 A devices are
shown in Fig. 2.26(a). Transconductance measurements (at Vps = 1.2 V) are shown in Fig. 2.26(b).

Table 2.1: Electronic properties and typical device characteristic values of Gag47Ings3As/InP
composite-channel HEMTs with variable Gag 47Ing s3As channel thickness

Ing.53Gag 47As  electron electron Vp(V) Ipss(mA/mm) Em,peak
channel density ng mobility ge Vps= 100 mV Vgs=0V (mS/mm)
thickness (A)  (ecm™2) (cm?/Vs) Vps=15V  Vps=12V
30 3.7 10%* 7000 -0.6 283 456
50 3.9 1012 9000 -0.7 427 685

100 4.2 1012 9100 -0.7 551 850
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Figure 2.26: Drain Current vs Vps (measured at Vgs = 0 V) (a), and Transconductance vs. Vgs
(measured at Vps = 1.2V) (b), of composite-channel HEMTs with different Ings3Gag.47As channel
thickness: 30 A, 50 A and 100 A.

Estimates of typical device characteristics, including the pinch-off voltage Vp, the channel current Ip,
and the maximum transconductance, gm peqak, are listed in Table 2.1. The variations in sheet charge
density and electron mobility of the 30 A, 50 A and 100 A devices are clearly reflected by the
differences in transconductance and the full channel current density. With decreasing InGaAs channel
thickness, the DC device performance is reduced, however, the performance of all these HEMTs is still
fairly good.

2.2.3 Impact Ionization vs channel thickness

On-State Breakdown Characteristics

On-state breakdown effects in the HEMTs have been evaluated by measuring the gate current
I as a function of the gate-source voltage Vs in saturation (Vpg = 1.8 V). In this experiment the
source contact is grounded. Fig. 2.27 shows the gate current measurements of our composite-channel
HEMTs for the different Ings3Gag.47As channel thicknesses (30 A, 50 A and 100 A). The typical
“bell-shaped” behaviour observed in Fig. 2.27(a) is related to the occurrence of impact ionization
in the channel [108]. This impact ionization effect is observable at a drain-source voltage as low as
Vps = 1.8 V. While the effect is small in the 30 A channel HEMT, it is much more pronounced
for the 50 A and the 100 A channel devices. To compare the magnitude of the ionization effect in
the different devices, we consider the multiplication ratio Ig/Ip, which is proportional to the electron
impact ionization rate o [87, 109].

Figure 2.27(b) shows the behavior | Ig | /Ip as a function of Vgg. For all devices, the ratio Ig/Ip
decreases with increasing Vgs (towards positive values), due to the reduction in the electric field [108].
However, the magnitude of Ig/Ip, increases substantially when comparing consecutively the 30 A, 50
A and 100 A channel devices.

By defining the on-state breakdown voltage at which the gate current normalized to the gate width
Ig/W reaches 1 mA/mm, we obtain a typical value of 7 V for devices with 30 A Ing 535Gag.s7Aschannel,
and 4 V for 100 A Ings3Gag.47As channel devices, both evaluated at Vgs = -0.4 V, which is close to
the peak of Ig vs Vgs curve. This definition of open channel breakdown is consistent with the finding
that the open channel burn-out voltage at a fixed Vs occurs when the multiplication current due to
impact ionization (to which the gate current Ig is proportional) reaches a certain level [9).
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Figure 2.28: (a) Ig vs Vgs, measured in the device having a 100 A Ing 53Gag47As channel thickness
at Vps= 1.8 V, for various temperatures. (b) In(Ig/ Ip) as a function of temperature for composite-
channel HEMTs with a Ing53Gag.47As channel thickness of 30 A and 100 A.

We have also carried out measurements of the temperature dependence of the gate current Ig
and of the multiplication ratio | Ig | /Ip in the 30 A and 100 A channel devices. Figs. 2.28(a) and
2.28(b) shows Ig and In(Ig/ Ip), respectively, as a function of temperature over a range of -170°C to
30°C. Differently from all GaAs-based FETs, in our InP-based HEMTs, both Ig and | Ig | /Ip show
a positive temperature coefficient, in agreement with the positive coefficient of the electron ionization
coefficient o, in Ing s3Gag.47As shown in Section 1 [11, 15].

2.2.4 Off-State Breakdown Characteristics

Drain-source off-state breakdown voltages have been measured by adopting the drain-current injection
technique described in [90]. The breakdown voltage Vpps is unambiguously defined as the maximum
drain-source voltage the pinched-off device can attain for a given drain-current density, defined as Ip
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Figure 2.29: (a) Drain-source off-state breakdown in composite-channel devices with different channel
thicknesses. (b) Drain-source off-state breakdown voltage as a function of temperature for composite-
channel HEMTs with different channel thickness.

=1 mA/mm.

Fig. 2.29(a) shows the measured drain-source off-state breakdown in composite-channel devices
with different Ing 53Gag.47As channel thickness. The observed Vgps is substantially increased from
4.8 V (100 A channel) to 6.2V (50 A channel) to 7.8V (30 A channel), at Ip = 1 mA/mm. For
all devices the off-state breakdown voltage, BVpg decreases with increasing temperature as shown in
Fig. 2.29(b).

2.2.5 Discussion

On-State Breakdown

In InAlAs/InGaAs/InP HEMTs the on-state breakdown is dominated by impact ionization in the
channel, and its low value is due to the low breakdown field of the Ings3Gag.47As channel [98]. In
composite channel devices, the understanding of breakdown effects is complicated by the presence of
a double channel, composed by materials having different energy gaps and, consequently, different
ionization energies.

To explain the reduction in ionization rate with decreasing channel thickness one should take into
account the influence of (at least) three factors: 1) the changes in the longitudinal electric field in the
channel and in Ip consequent to the variations in channel thickness and channel electron concentration;
2) channel quantization effects, and 3) real space transfer of electrons from the InGaAs to the InP
layer of the composite channel. We will now discuss the three factors separately.

As can be seen from Table 2.1, a reduction of the InGaAs channel thickness is accompanied by a
reduction in the electron sheet density n;. In order to take into account the corresponding reduction in
the drain current, the gate current has been normalized to Ip. As introduced before, the ratio | Ig | /Ip
has been demonstrated to be proportional to the value of the electron ionization coefficient o, in the
high electric field region of the channel (under the drain end of the gate), at least as far as ionization
events by secondary carriers are negligible [87, 109]. This means that Ip represents the primary
electron current initiating impact ionization, while Ig is due to the collection of part of the generated
holes at the gate electrode. Due to the nearly exponential dependence of the electron ionization
coefficient @, on the longitudinal electric field in the channel (see Eq. 2.1, the ratio | Ig | /Ip, is very
sensitive to variations in the electric field. Since the reduction of the electron sheet density, spanning
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from 4.2 - 10'2/cm? (100 A channel) to 3.7-10'2/cm? (30 A channel), may induce a decrease in the
longitudinal electric field, this decrease could contribute to the observed reduction of the | Ig | /Ip
ratio.

The effect of channel quantization is to raise the first quantized energy level of conduction electrons
in InGaAs and to reduce the conduction band-offset between InGaAs and InP. A contribution to the
observed reduction of impact ionization with decreasing channel thickness can be attributed to both
effects, that originate from channel quantization. First, if the channel thickness is decreased, the shift
of the first quantized energy level results in an enhancement of the effective bandgap energy Eg sy of
the Ings3Gag 47As channel and in an increased threshold energy for impact ionization. Data reported
in Fig. 2.25(b) demonstrate this trend, though an accurate calculation of the actual Eg sy shift, as
pointed out in section 2.2.2, would require a self-consistent solution of both the Schrédinger and the
Poisson equation. Consequently, a, will be reduced, resulting in a decreased impact ionization current
Ig. Second, it is reasonable to assume that the reduced conduction band-offset between InGaAs and
InP results in an increased real space transfer of electrons from InGaAs to InP at a certain electric
field. To understand how this can lead to a decrease in impact ionization current Ig, we refer to the
results reported in [104] regarding the distribution of current in the InGaAs and the InP layers of the
composite channel structure: in the low field region near the source, virtually all electrons move in
the InGaAs; in the high field region at the drain end of the gate approximately 90% of the electrons
are found in the InP subchannel and only a few conduction electrons move in the InGaAs (~ 10%). A
comparison of the a,, data on impact ionization in InP [110] and the data of InGaAs [111], at the same
electric field, reveals a difference in ionization coefficient of several orders of magnitude. Therefore,
despite in the high electric field region, where impact ionization takes place, 9 out of 10 electrons
travel in the InP sub-channel, the contribution to the overall impact ionization generation rate comes
mainly from primary electrons moving in the InGaAs channel. In addition, the drain-source voltage
is so low in our experiments (Vps = 2 V) that electrons in InP may not gain enough energy to reach
the ionization threshold at all. Even neglecting the above mentioned quantization effect, reducing the
InGaAs channel thickness increases the amount of real space transfer to the InP, thus decreasing the
fraction of primary electrons able to impact ionize significantly, and, as a consequence, the ionization
current Ig. The ratio | Ig | /Ip is still proportional to the ionization coefficient an in InGaAs, but the
proportionality factor depends on the channel thickness, due to the fact that only a fraction of the
electrons in Ip travel in the InGaAs channel, while those in InP do not impact ionize significantly.

In conclusion, channel quantization effectively reduces impact ionization effects in on-state break-
down due to an enhancement of the channel bandgap (and consequently, an increased threshold energy
for impact ionization in InGaAs), due to an increased real space charge transfer from InGaAs to InP,
and, possibly, due to a decrease of the longitudinal electric field in the channel.

Measurements of the multiplication coefficients in InGaAs collector HBTs, reported in Section I,
have demonstrated that, as opposed to most other semiconductors, the impact ionization coefficient
a, in that material increases with increasing temperature [11, 15]. This anomalous behavior seems
to be related to the low density of states near the bottom of the conduction band of Ing s3Gag.47As,
which could make the jonization process more sensitive to the reduction of the energy gap rather than
to the increased phonon scattering, as temperature is raised. Indeed, we observe an increase in Ig
and | Ig | /Ip with increasing the temperature in these composite channel devices, as shown in Figs
2.28(a) and 2.28(b). It should be noted, however, that in this case, in addition to the contribution
from the positive temperature dependence of ay, there could be an additional contribution due to the
fact that the secondary holes generated in the InGaAs channel must overcome a discontinuity in the
valence band, possibly by thermionic emission, to reach the gate electrode and contribute to Ig. This
would make the hole collection efficiency of the gate an increasing function of temperature.
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Figure 2.30: Comparison of the off-state breakdown voltage as a function of extrinsic carrier concen-
tration for given gate technologies. From [116] and [121] with modifications.

Off-state breakdown

The off-state breakdown voltage in InAlAs/InGaAs/InP HEMTs is believed to be dependent on a
combination of tunneling or thermionic-field emission of electrons from the gate into the channel, and
impact ionization in the channel [95]. Electrons are initially injected from the gate edge into the high-
field drain-gate region of the insulator by thermionic-field emission. Subsequently, as a consequence
of the large electric field in the insulator and the substantial conduction-band offset, they enter the
channel hot, and relax their energy through impact ionization.

In the devices tested during this work, the reduction in the InGaAs channel thickness in In-
AlAs/InGaAs/InP composite HEMTs improves the off-state breakdown voltage through two effects:
(1) it reduces the effective electron concentration in the extrinsic gate-drain region, thus decreasing the
electric field beneath the gate, which controls the tunnelling current; (ii) it reduces impact-ionization
in the channel, due to the enhancement in the effective channel band-gap, already mentioned. Our
measurements revealed a substantial increase in BVpg from 4.8 V (100 A channel) to 6.2 V (50 A
channel) to 7.8 V (30 A channel), at Ip= 1 mA/mm.

Somerville and del Alamo have developed a model for off-state breakdown of power HEMTs [112],
which is based on the assumption that off-state breakdown is largely determined by tunnelling and/or
thermionic field emission. In their model, the electric field beneath the gate is calculated by solving a
simplified one-dimensional problem, following the treatment originally developed by Frensley [59] for
MESFET avalanche breakdown. The electric field is maximum at the gate edge, and its value at this
position determines the gate current, which is entirely ascribed to tunnelling [112] or thermionic-field
emission over the gate Schottky barrier [113]. Off-state breakdown voltage is determined when this
gate current reaches a pre-defined density (normally 1 mA/mm). Differently from [114], the authors
in [112, 113] are not interested in determining the onset of gate current instability and irreversible
breakdown conditions. ’

In [112, 113] the authors demonstrate that the most significant variables in determining the off-state
breakdown voltage of power HEMTs are the sheet carrier concentration in the extrinsic gate-drain
region ns(ext), and the gate Schottky barrier height, ®g. Although it should be mentioned that there is
no general agreement on the role of tunnelling current in determining HEMT breakdown [115, 116, 9],
(but this is also a result of the very different definitions of off-state breakdown present in the literature),
the model in [112, 113] provides an excellent prediction of breakdown voltage dependence on ns, ®g,
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and temperature, and accurately describes the gate current and its activation energy as a function of
Vpe [113].

Figure 2.30 shows the predicted off-state breakdown voltage at 1 mA/mm for &g = 0.6 eV and
0.7 eV. Data taken from [112] are compared with data concerning our devices, which adopt a higher
Al concentration in the AlyIn(;_y)As Schottky layer (y=0.60 instead of y=0.48), thus providing a
slightly higher ®g. As shown in Fig. 2.30, the model accurately predicts off-state breakdown voltage
of composite channel HEMTs, defined as the level at which a tunnelling/thermionic-field emission
gate current density of 1 mA/mm takes place. Breakdown voltage measurements as a function of
temperature are also in agreement with this thermionic/field-emission model; as described in Fig. 9,
off-state breakdown voltage decreases as a function of temperature; the absolute reduction being larger
for devices having higher ns(ext) [113].

Figure 2.30 also demonstrates the superiority of this composite channel design with respect to con-
ventional structures; it should be stressed, however, that considerable improvements can be obtained
by adopting a composite channel structure having regrown ohmic contacts rather than alloyed ones
[117]. Gate-drain (source floating) breakdown voltages up to 18 V have been recently reported for a
50 A InGaAs 150 A InP composite channel HEMT with ns = 4 - 10'2cm ™2,
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Chapter 3

Hot-carrier-induced degradation in
pseudomorphic HEMTSs on GaAs and
in InP-based HEMTs

3.1 Hot-carrier-induced degradation in PM-HEMTSs

3.1.1 Intro duction

In this section we will present data concerning the degradation mechanisms of PM-HEMT’s biased
in impact-ionization regime which are crucial for the evaluation of the reliability of power devices.
After accelerated testing, a permanent degradation has been found, consisting in the decrease of drain
current Ip and of the absolute value of the pinch-off voltage V,, at low drain-source voltage Vpg,
resulting in the development of a remarkable “kink” in the output characteristics. DC, pulsed and
low-frequency AC measurements demonstrate that the failure mechanism consists in the creation of
deep levels under the gate which act as electron traps at low gate-to-drain electric fields. Deep Level
Transient Spectroscopy (DLTS) and photoinjection measurements reveal the presence of two levels at
0.77 eV and 1.22 eV. The intensity of the 1.22 eV peak is correlated with the degradation observed in
stressed devices. '

3.1.2 Hot-electron degradation

Packaged PM-HEMTSs devices of the same type described in paragraph 2.1.3 and depicted in Fig.
2.6(a) were submitted to various accelerated tests, including: (a) pure thermal storage tests with no
applied bias at temperatures ranging from 150°C to 300 °C; (b) long-term (up to 10* minutes) hot-
electron tests at room temperature, at various drain-to-source, Vpg, and gate-to-source, Vgg, biases.
The latter tests were carried out at high Vpg values (from 6 to 8 V), in a remarkable impact-ionization
regime, testified by the presence of a non-negligible negative gate current I and of light emission, as
shown in Fig. 2.6(b).

No decrease in the saturation drain current Ip, or change in the pinch-off voltage V, was found
during thermal storage tests.

On the contrary after hot-electron tests we observed a failure mode consisting of a noticeable
decrease of the drain current, Ip, occurring at low Vpg bias, Vpg < 2V. Figure 3.1(a) shows the
output characteristics of a W = 180 um device before and after 137 hours of hot-carrier stress test
at Vps = 7.5 V, Vgs = - 0.1 V. The thermal resistance of packaged devices was measured as ~ 100
°C/W. Since hot electron tests have been carried out at room temperature with a dissipated power of
about 0.4 W, the real junction temperature during these tests was estimated as being ~ 65 °C.

47
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Figure 3.1: (a) Device output characteristics before (continuous line) and after (dashed line) 137 hrs
of hot electron stress test at Vps = 7.5 V, Vgg = -0.1 V. The noticeable increase of the “kink” in the
Ip is clearly visible at low Vpg, Vps < 2 V, in the stressed device. (b) gm(Vss) measured before
(continuous line) and after (dashed line) 137 hrs of hot electron stress test at Vps = 7.5 V, Vgs =
-0.1V.

A “kink” in the I-V curves can be observed in the unstressed device at Vpg ~ 2 V. After the hot
electron accelerated test, the amplitude of this “kink” is remarkably enlarged, at low drain voltages,
Vps < 2 V, owing to the decrease of Ip, dashed lines in Fig. 3.1(a). The degradation is permanent,
and can not be recovered by annealing the stressed devices up to 250 °C, 24 hours.

By plotting the transconductance measured in the linear region, Fig. 3.1(b), we can notice that
the degradation induced in the low Vpg region of I-V characteristics mostly consists in a decrease of
the absolute value of the pinch-off voltage, |[AV,| ~ 130 mV. This shift is consistent with an increase
in the negative charge trapped under the gate.

No degradation has been observed of source or drain parasitic end-resistances measured with the
Lee-Shur method, [118], indicating that the damage takes place mainly in the gate region of the device,
as suggested by the occurrence of the |V, shift.

The rate of degradation increases nearly exponentially with Vpg, see Fig. 3.2(a) and (b); i.e.
the degradation increases at increasing the number of high energy electrons. On the other hand, the
degradation is very sensitive also to Vgg, i.e. the degradation is less severe when devices are biased
near the pinch-off region and only few hot-electrons are available in the channel.

3.1.3 Deep level characterization

The above described experimental data suggest that hot electron accelerated tests induce, in stressed
devices, an increase in the density of deep electron traps under the gate. When negatively charged,
these traps can cause the shift in the pinch-off voltage and the decrease in Ip previously described.

To verify this hypothesis, we carried out an extensive characterization of traps present in stressed
samples as well as in untreated ones, by means of transconductance frequency dispersion, optical and
DLTS analyses.

As well known, deep traps can give rise to several anomalies of HEMT transistors. Kink effects
[119], low-frequency transients [120] and changes of the transconductance as a function of frequency,
[120, 121, 122], are typical indicators of the presence of traps in HEMT devices. In particular deep
levels present in the gate-drain and gate-source access regions induce a decrease in gm(f) on increasing
the frequency [121], while deep levels, such as the DX centers, present under the gate are responsible
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Figure 3.2: (a) Ip degrada,tibn measured at Vps = 1 V, Vgs = 0 V during the hot-electron stress test
for different Vps values during the stress. (b) Time to reach the 30 % Ip degradation as a function
of the Vpg applied during the hot-electron stress test.
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Figure 3.3: Normalized transconductance frequency dispersion gy, (f) measured at room temperature
in devices after different hot electron stress tests. On increasing the Vpg voltage during hot electron
stress test the g,,(f) dispersion increases.

for an upward dispersion of g,,(f) [122, 123]. At low frequency, the device transconductance is affected
by the modulation of the charge trapped on deep levels. On increasing the frequency, traps can no
longer follow the signal applied to the gate thus causing the change in the normalized transconduc-
tance. In particular g,,(f) starts to change when the signal period becomes comparable with the
characteristics trap times and reaches its maximum change when the signal period becomes shorter
than capture/emission time [121, 122, 123]. '

Figure 3.3 shows the transconductance as a function of frequency in the 10~! + 106 Hz frequency
range measured at room temperature on devices submitted to different hot-electron tests. For gn,(f)
measurements the devices have been biased at Vps_pas = 2 V, Vgs-ias = 0 V. The g,,(f) have
been evaluated applying a 200 mV peak-to-peak amplitude sinusoidal signal at the gate, Vyppr, at
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Figure 3.4: (a) Drain current transients observed at room temperature in a PM-HEMT"’s after hot
electron stress test (Vps = 7.6V Vgs = - 0.1 V, 137 hrs.). Keeping Vgs = 0 V pulses of various
amplitude (0.2 V = 2.2 V) and duration up to 10 ms are applied to the drain. (b) Percent decrease
of Ip measured after 1 s during transient.

different frequencies. For each device, the normalized transconductance at a certain frequency f is
defined as gn,(f) / gm (0.1 Hz), where g, (0.1 Hz) is the transconductance evaluated at 0.1 Hz.

Untreated devices show a slight decrease in transconductance at high frequencies, possibly due
to the presence of deep levels in the drain/source access regions. On the contrary, transconductance
remarkably increases as a function of frequency in devices after hot electron test, thus indicating
generation of traps under the gate.

Higher trap density corresponds to a larger transconductance frequency dispersion. On increasing
the Vps applied during the hot electron test, and the consequent degradation of Ip, an increased
dispersion of the transconductance is measured, which may be explained by the increase in the density
of deep levels under the gate and the enhancement of electron trapping with the consequent increase
of the negative charge accumulated under the gate.

Electron trapping can be directly observed during transient measurements on devices which suffered
parametric degradation after hot-electron tests. Keeping Vgs at 0 V, we applied drain voltage pulses
of various amplitudes (0.2 V + 2.2 V) and very long duration (up to 10 s). During the transients the
drain current, Ip decreases as a consequence of the electron trapping and of the increase in the negative
charge accumulated under the gate. The Ip transient times are very long (hundreds of milliseconds),
see Fig. 3.4, consistent with the low frequency at which the g, ( f) dispersion occurs. This correlation
confirms that the increase of the transconductance frequency dispersion in devices submitted to hot-
electron stress test is due to trapping of electrons and occurs when trapping time become larger than
the sinusoidal signal period. The total Ip variation observed after 1 s of biasing at different Vpg is
plotted in Fig.11b). As it can be seen, the degradation of Ip first increases on increasing Vps, then
shows a maximum at a Vpg value of ~ 1.5 V (corresponding to the Vpg value at which the kink
occurs); while for larger Vps values the Ip variation steeply decreases on increasing Vps. In the as
received devices a similar behaviour has been observed but the drain transient degradation is not as
prominent as in the degraded devices.

Another way of characterizing trapping effects is to look at the behaviour of devices under illumi-
nation [124, 125]. As it could be expected, photoionization of electron traps induces a recovery of the
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Figure 3.5: (a) Photoexcited drain current measured using a lock-in technique as a function of the
energy of exciting photons in in a stressed device (Vps = 7.5 V, Vgg = -0.1 V, 137 hrs). (b) Drain
Current FT-DLTS measurements in an as received device (open simbols) and in a device after hot
electron stress test: Vps = 7.5V, Vgg = - 0.1 V, 137 hrs (closed simbols).

output characteristics of degraded devices and completely eliminates the “kink” effect, thus confirming
the origin of the observed degradation. In order to better understand the nature of the generated deep
levels, we adopted the photocurrent measurement technique described in [126]. The biased sample
is illuminated with chopped monochromatic light in the 0.6 eV + 1.1 eV energy range. Energy of
illuminating photons was limited to 1.1 eV to avoid direct band-to-band electron-hole generation in
the Ing.2Gag gAs channel. The variation of Ip was measured using a lock-in technique. A sharp step
in Ip indicates a change of the charge state of the corresponding trap level [124]. Two of these sharp
transitions are clearly observed in Fig.3.5(a): one at ~ 0.74 eV and the other one at =~ 0.89 eV.

Finally, drain current DLTS (Deep Level Transient Spectroscopy) spectra have been adopted to
identify deep levels. Measurements were performed using Fourier-Transform DLTS (FT-DLTS) [127].
In FT-DLTS, the discrete Fourier coefficients are calculated at each temperature by a numerical Fourier
transformation of a complete transient. The resulting Fourier coefficient spectra versus temperature
contain information about the trap levels and allow one to obtain capture cross-section and activation
energies of the levels. The first cosine coefficient spectrum has been considered, since it represents a
good trade between a high signal-to-noise ratio and a high emission rate resolution. The samples were
biased as the following: source grounded, Vps = 100 mV and Vgs = -0.4 V. The gate was pulsed at
Vpurse = 0.5V for ¢, = 50 ms.

Current DLTS spectra of untreated devices reveal two peaks, corresponding to two electrons traps
with an activation energy of Ea = 0.77 eV and Ea = 1.22 eV respectively, see Fig.3.5(b). These traps
have been already observed by P. M. Mooney et al. [128] in MBE-grown AlGaAs. Hot electron testing
induced a remarkable increase in the intensity of the 1.22 eV peak, see Fig.3.5(b), thus suggesting a
corresponding increase in the electron trap density. The shift towards low temperature of the peaks
in the stressed samples may be caused by the decrease of the absolute value of the pinch-off voltage
induced by the hot-electron stress above reported.

As last results, gate diode electrical characteristics have also been investigated. Negligible degra-
dations have been observed in both forward ideality factor and Schottky barrier height, as well as in
reverse breakdown voltage. Furthermore, an increase of the generation-recombination forward current
has been observed after the hot-electron stress in stressed devices.
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3.1.4 Discussion

We have also reported on a new, permanent degradation mechanism induced by hot electron in GaAs
based power PM-HEMT’s. Both gate current and electroluminescence measurements demonstrate that
significant hot-electron effects (impact-ionization and light emission) take place in the pseudomorphic
AlGaAs/InGaAs HEMT’s under test when operated at drain voltage above 5 V. Untreated devices
appear to be affected by the presence of deep levels, testified by the presence of a slight “kink” effect
in the output characteristics [119, 125], see Fig. 2.6(b) and Fig. 3.1(a), and by the observation of two
peaks at 0.77 eV and 1.22 eV in the DLTS spectra, see Fig. 3.5(b).

Significant degradation of the output characteristics takes place when devices are operated in hot
electron regime at Vpgs > 6 V. In particular, the amplitude of the kink in the output characteristics
increases, corresponding to an increase of the device pinch-off voltage, A|Vp| =~ 130 mV, and a
corresponding decrease of Ip occurring at low Vpg, see Figs. 3.1(a) and (b). The observed degradation
is most likely due to an increase in the deep level density in the AlGaAs layer under the gate of the
device generated by hot electrons stress [119, 125].

At low Vpg, the increased negative charge due to trapped electrons in the AlGaAs layer under the
gate causes a large decrease in Ip and the observed shift in the threshold voltage. At high Vps, three
effects can contribute to de-trap or compensate the trapped electrons: (i) hot electrons can impact-
ionize traps, thus releasing the trapped negative charge [129]; (ii) the high electric field existing between
gate and drain can enhance the electrons detrapping; (iii) holes, generated by impact-ionization, can
compensate trapped electrons. In all cases, the result is a sudden modulation of the negative charge
trapped under the gate and a consequent increase in the drain current, with the creation of a “kink”
in the output characteristics [119, 125].

Experimental data also suggest that traps are not created in the source/drain access regions of the
device, but rather only under the gate. In fact, no increase in the source and drain end-resistances
was observed.

Evidence of an increase in deep level density in failed devices is provided also by pulsed mea-
surements and by low-frequency dispersion ac transconductance measurements, see Fig. 3.3. During
pulse measurements, very slow transients in Ip are observed, which correspond to electron trapping
phenomena from the channel into the AlGaAs layer. The behaviour of the drain current decrease,
Alp, during the transients as a function of the applied Vpg, Figs. 3.4(a) and (b), is consistent with
the presence of the “kink” in the output I-V Vgs DC characteristics. Since electrons must have a non-
negligible energy in order to surmount the AlGaAs/InGaAs barrier and be trapped, the amount of Ip
degradation initially increases with Vpg. For Vps > 1.5 V (at Vgs = 0 V), however, other mechanisms
are triggered (such as compensation of trapped electrons with holes generated by impact-ionization,
high-field-assisted electron detrapping and impact-ionization of trapped electrons by hot-electrons)
which tend to decrease the net trapped negative charge and consequently reduce the Ip degradation.
Transient times are extremely slow, with time constants in the 1 ms + 100 ms range, consistently with
the results of g, (f) measurements.

The identification of the deep levels present in the devices has been carried out by means of
photocurrent measurements and of Fourier-transform DLTS. Two levels at 0.77 eV and 1.22 eV have
been identified, see Figs. 3.5(a) and (b). In particular, a remarkable increase in the intensity of the
1.22 eV peak, already reported as an electron trap present in MBE-grown AlGaAs layers [128], is
observed in devices submitted to hot-electron tests. These very high value of energy is consistent with
the very slow trapping/detrapping phenomena observed. Moreover the DLTS measurements confirm
the presence of traps in the as received devices and the increase in the trap density induced by the hot
electron stress test. This explains: i) the presence, in the as received devices, of “kinks” in the I-V
characteristics; ii) the Ip degradation during pulse measurements (not shown); and iii) the increase
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of both “kink” amplitude and Ip degradation after hot-electron stress, due to the increase in the trap
density.

In conclusion, devices submitted to long-term hot-carrier tests present a new permanent failure
mechanism consisting in the creation of deep levels in the AlGaAs layers or at their interfaces in the
gate region. These deep levels cause trapping of electrons i.e. accumulation of negative charge under
the gate, which gives rise to: i) a correlated decrease of Ip and of the absolute value of pinch-off voltage;
ii) a consequent increase of the kink effect; iii) the occurence of anomalies with slow time constants in
the device response measured as Ip transients and transconductance frequency dispersion. The density
of a deep electron trap at 1.22 eV, identified by means of DLTS measurements, has been observed
to remarkably increase after hot electron tests and has been considered as the main responsible for
device degradation. The kink in I-V characteristics, which is remarkably enhanced by hot electron
stress, appears to be due, in these devices, to a combination of impact ionization and deep-levels, as
reported in [125). Further work is needed in order to identify the physical origin of these traps, and the
physical mechanism of generation of deep levels during hot-carrier testing and their location. Finally,
it should be stressed that kink effects and degradation phenomena can be reduced by optimizing dry
etching conditions of the gate recess and MBE growth temperature.
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3.2 Kink and Hot-electron degradation in Ing 53Gag 47As/InP HEMTs

3.2.1 Introduction

High performance InAlAs/InGaAs/InP high electron mobility transistors (HEMTs) (with g, values
over 1000 mS -mm™!) are characterized by a very thin InAlAs layer (200 K). A very high sensitivity
of the threshold voltage, Vix, on the InAlAs thickness is hence present. Moreover, these devices are
often affected by kink effects and premature breakdown, both related with the narrow bandgap of the
Ing 53Gaga7As channel layer.

It has been recently demonstrated [130] that using an InP-recess-etch stopper, uniformity in Vi
can be improved thanks to the tight control on the InAlAs layer thickness. We will demonstrate here
that the InP-recess-etch stopper layer can passivate the InAlAs in the access regions adjacent to the
gate thus eliminating kink effects and improving the long-term stability of the devices when submitted
to hot-electron stress tests.

3.2.2 Kink elimination

In this section we report on the elimination of the kink effect in InP-based HEMT’s which results from
the insertion of an InP etch stop layer.

Kink phenomena represent one of the major problems in the degradation of the electrical character-
istics of InP-based HEMT’s [100]. In the literature the “kink” effect is usually attributed to: (i) pile-up
of holes generated by impact-ionization at the source side [99]; (ii) deep levels in the substrate/buffer
or surface layers [125]; (iii) a combination of impact ionization and deep levels [100].

Two InAlAs/InGaAs HEMT’s technologies have been studied, with and without InP recess-etch
stopper layer. Devices without InP recess-etch stopper are affected by a “kink” in the output I-V
characteristics. Despite the similarity of the device structures, and the fact that impact ionization
is present in devices, no kink is present in the devices adopting the InP recess-etch stopper layer.
Presence of surface traps has been demonstrated by means of transconductance frequency dispersion
[121], g (f) measurements in devices without the InP stopper, while no g, (f) dispersion was observed
in devices with the InP stopper. The two kinds of devices were also submitted to hot-electron stress
test (both in open and close channel condition). The devices DC characteristics initially improve (Ip
increases) in all stressed devices. After this ‘burn-in’phase, however, we observed a large degradation
of both DC and g, (f) characteristics only in the devices without the InP etch-stopper. We therefore
conclude that: a) the InP recess-etch stopper layer effectively removes the kink by passivating the
InAlAs surface in the recess regions adjacent to the gate; that b) at least in these structures impact-
jonization alone is not sufficient to induce a kink [100); c) passivation by InP is also effective in reducing
hot-electron surface damage, thus improving the reliability of devices operating at high Vps.

3.2.3 Devices and Experimental Results

Figure 3.6 shows a schematic cross section of the 0.1 um gate length and 10 um gate width InP-based
LM (lattice-matched) HEMTs used in this work [130]. The epitaxial structure grown by MOCVD
consists of a 2000 A thick InAlAs buffer, a 150 A thick InGaAs channel, a 30 A InAlAs spacer, a Si-6-
doped plane, a 60 A InAlAs Schottky barrier, a 50 A InP-recess-etch stopper (this layer was present in
one type of devices and not present in the other one), and n*-InAlAs/n*-InGaAs cap layers. We also
studied MBE grown InP-based LM (lattice-matched) HEMTs having the same structure except for the
following: a) a uniformly doped InAlAs (10'° cm™2) donor layer is adopted and b) the InP-recess-etch
stopper is not present. In both devices the whole structure is covered by a SiO,/SiN bi-layer. All
materials are lattice matched to the InP substrate.
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Figure 3.6: Schematic cross section of the InP-based Lattice Matched HEMT.
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Figure 3.7: Ip vs Vps at different Vgs measured at + 20 °C and - 80 °C in a device without InP
recess etch stopper (a) and in a device with the InP etch stopper (b) .

Figure 3.7(a) shows the output characteristics of a typical device without InP recess-etch stopper,
carried out at room (420 °C continuous line) and low (-80°C dotted line) temperature. A considerable
collapse of the drain current (at low Vpg values) is observed at low temperature due to trapping
mechanisms. At higher Vpg values the Ip current completely recovers, giving rise to a remarkable
kink effect. '

Figure 3.7(b) shows the output characteristics of a typical device with InP recess-etch stopper
layer at the same temperature values. A negligible decrease in the drain current (in the whole Vpg
range) is observed at low temperature without any worsening of the kink phenomena. In Fig.3.8(a)
the gate current, Ig vs Vgs characteristic is shown for different Vpg values (Vpg from 1.5 V to 2.3V)
measured at room (420 °C continuous line) and low (- 80 °C dotted line) temperature in a device
without InP recess-etch stopper. The non monotonic behavior typical of impact ionization, [108] is
observed at low temperature thanks to a remarkable decrease in the leakage current. Similar results
have been obtained in devices with InP etch stopper layer, see Fig. 3.8(b).

In Fig.3.9(a) the g,,(f) is reported as a function of the gate voltage for Vps = 100 mV in a typical
device without InP recess-etch stopper. Noticeable transconductance frequency dispersion is observed.
Negative dispersion has been associated to surface states in the access regions and has found to increase
at decreasing the gate voltage since surface states are feed by gate leakage current [131]. Figure 3.9(b)
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Figure 3.9: (a) gm(f) measured at different Vgs (at + 20 °C) in a device without InP recess-etch
stopper. (b) gm(f) measured at different Vgs (at + 20 °C) and at Vgs= 0V, T = +80 °C in a
device with InP recess-etch stopper.

reports the transconductance frequency measurements as a function of the gate voltage for Vps =
100 mV in a typical device with InP stop etch layer. No transconductance frequency dispersion is
observed in the whole Vgg range. The chosen bias points are different due to the different value of V3,
in the two devices. In Fig. 3.10 the transconductance frequency dispersion is reported as a function
of temperature for Vps = 100 mV and Vgs = -600 mV in a device without InP etch stop layer. A
shift towards lower frequency is observed on the gy, (f) dispersion on decreasing the temperature. The
characteristic frequency fy is the frequency where the dispersion is half of the total one. By plotting
fm(T)/T2as a function of 1/kT in an Arrhenius plot, a straight line is obtained; see inset of Fig.
3.10. From the slope of this line, an activation energy of 0.28 eV + 10% has been obtained [132]. No
transconductance frequency dispersion is observed at low temperature in devices with the InP stop
etch layer, see Fig. 3.9(b).
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Figure 3.10: gm(f) measured at different temperatures (Vps = 100 mV, Vgs=-0.6 V, in a device
without the InP recess-etch stopper. The Ea calculation is depicted in the inset.

3.2.4 Discussion

Kruppa and Boos [131] have associated decrease of transconductance as a function of frequency with
surface traps in the gate recess region. They have identified traps with an activation energy of 0.17 eV
in the MBE-grown InAlAs/InGaAs/InP HEMTs only in the presence of a double-recess structure.
B. Georgescu et al. [133] have recently described kink effects in composite InAlAs/InGaAs/InP
composite channel HEMTs, mainly related to trapping/detrapping process in the top layers. The
correlation between surface traps and kink in the output characteristics has been demonstrated also by
T. Suemitsu et al. [100] by means of two dimensional device simulation. The increased source resistance
due to the presence of traps in the gate-to-source access region can be completely compensated by
hole pile-up in the channel at the source side due to holes generated by impact-ionization. The pile
up leads to an increase of Ip and hence to the appearing of the kink. H. Wang et al. [134] have found
that the kink in InAlAs/InGaAs HFETSs can be suppressed by using suitable-deposited silicon nitride
passivation. Finally R. Menozzi et al. [135] have found a dependence of the hot-electron degradation
of InAlAs/InGaAs/InP HEMTs on the presence of PECVD SiN passivation. All these results points
to a crucial role of device top layers, especially in the exposed gate recess region, in determining kink
effects and low frequency anomalies. :

We have studied InAlAs/InGaAs HEMT devices with and without InP recess-etch stopper layer
which passivates the gate recess regions. Devices without InP recess-etch stopper are affected by a
kink in the output I-V characteristics, which is enhanced at low temperature, see Fig. 3.7(a). On the
contrary kink effect is not observed in the devices with InP etch stop layer even at low temperature,
see Fig. 3.7(b). Transconductance frequency dispersion have been observed in devices having a
free InAlAs surface, see Fig.3.9(a), while no g,,(f) dispersion was observed in devices with the InP
stopper, see Fig.3.9(b). Our measurements demonstrate that devices without the InP stop etch layer
are affected by surface states, having Ea = 0.28 eV, see Fig. 3.10, in the gate-drain and gate-source
access regions while devices with the InP etch-stopper do not show any evidence of surface state
presence; Ig measurements demonstrate that impact ionization is present in both devices (see Figs.
3.8(a) and 3.8(b)).

Following these experimental results we have demonstrated that traps in the gate-source and gate-
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drain access region are present in devices without InP etch stopper layer. These traps can become
negatively charged due to capture of electrons leading to a reduction of Ip at low Vps. On increasing
Vps the modification of potential profile in the source-gate recess region caused by the compensation
of the negative trapped charge by holes generated by impact ionization and/or field assisted electron
detrapping leads to a recovery of the drain current thus originating the kink effect [100]. Devices
adopting the InP etch stopper layer are free from surface traps, and therefore are not affected by kinks
even in the presence of impact ionization.

3.2.5 Hot-electron degradation

Devices have also been submitted to hot electron stress test with the following results:

a) devices without the InP etch-stopper: A first test has been carried out at Vps = 3 V, Vgs =
-0.8 V, (corresponding the peak in the Ig current, see Fig. 3.8(a), and hence to the highest impact-
ionization). An increase in Ip is initially observed (for t < 1 hour), see Fig. 3.11(a); subsequently, a
large degradation of Ip is observed, and a large kink in the output characteristics is developed, Fig.
3.11(b).
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Figure 3.11: (a) Ip vs Vps at different Vgs measured before and after 1 hr of stress at Vps = 3V, Vgs
= -0.8 V, in a device without the InP etch-stopper. (b) Ip vs Vpg at different Vgs measured after
1 hr and after 67 hrs of stress at Vps = 3 V, Vgs = -0.8 V in a device without the InP etch-stopper.

Development of surface states takes place mostly in the gate-drain region, so that degradation
is enhanced if source and drain are swapped during measurements, see Fig. 11. Moreover, the
degradation is accompanied by an increase in downward transconductance frequency dispersion, see
Fig. 12, which confirms the development of additional surface states in the access regions. A similar
two-steps degradation behavior, but with slower changes, is observed when the devices are biased
close to pinch-off (Vps = 3 V, Vgs = -1 V) and by biasing the devices in gate-to-drain breakdown
conditions (I¢ = —10pA, Vgp =-6 V), i.e. with a high electric field and impact-ionization, but with
very reduced primary electron current and power dissipation. The degradation observed after 20 hours
of stress in breakdown conditions (second step) is shown in Fig. 13.

b) devices with the InP etch-stopper Devices were tested at various bias points, corresponding to
approximately the same gate current or dissipated power measured during the tests of HEMTs without
InP etch stopper. The only observed variation is an increase in Ip similar to the one observed in
the initial phase of testing of devices without the InP stopper. The Ip increase is correlated to
a corresponding increase in the absolute value of the device pinch-off voltage, possibly related to
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Figure 3.12: (a) Is vs Vgp at different Vgpmeasured after 1 hr and after 67 hrs of stress at Vpg =
3V, Vgs =-0.8V,in a device without the InP etch-stopper. (b) gn(f) measured before and after
67 hrs of stress at Vps = 3 V, Vgs = -0.8 V in a device with the InP stopper.
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Figure 3.13: (a) Ip vs Vds at different Vgs measured after 2 hrs and after 20 hrs of stress at Ig =
-10 mA (Vps about 6 V), in a device without the InP etch-stopper. (b) Ip vs Vpg at different Vgs
measured before and after 60 hrs of stress at Vps = 3 V, Vgs = -0.05 V in a device with the InP
etch-stopper.

hydrogen effects. After the initial phase, Ip stabilizes, and we did not observe either drain current
degradation or gn(f) dispersion up to 100 hours of test at Vpg = 3 V.

In conclusion, the data presented here demonstrate that the InP stop etch layer is a viable solution
to the problem of V;, reproducibility which also contributes to both suppress kink effects in InP-based
HEMT’s and improve the long-term stability of these devices avoiding surface trap generation during
the hot-electron stress test. We further confirm that kink effect in these devices can not be ascribed
only to the pile-up of holes in the gate-to-source access region but is due to the simultaneous presence
of traps and holes generated by impact ionization.
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Impact-ionization and trap-related
effects in 6H SiC JFETSs




Chapter 4

Silicon Carbide JFET
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Figure 4.1: (a) Schematic cross section of the 6H-SiC JFET. (b) Ig, Ip vs Vps at different Vgs .
The decrease of Ip at high Vpg is due to device self-heating.

4.1 Introduction

The high-field behaviour of devices fabricated on wide band-gap semiconductors is closely related
to parasitic effects induced by carrier capture and emission by deep levels or by partially ionized
impurities, in the presence of impact-ionization. The aim of this work is to describe experimental
results concerning on-state weak ionization effects, off-state gate-drain breakdown phenomena and
low-temperature electrical anomalies in buried-gate 6H SiC JFETs. The study has been carried out
using devices fabricated by vacuum sublimation epitaxy on high-quality 6H n-type SiC platelets grown
by an unmodifed Lely process [136). The Lely crystals are free of micropipes and have usually a much
lower density of dislocations than wafers grown by other techniques, thus reducing the effects of these
defects on device electrical characteristics [136].

We will show that: (i) impact-ionization in on-state conditions decreases with temperature, with a
temperature coefficient of the multiplication factor ~ —7.5-108K™1; (ii) the observed decrease of the
off-state gate-drain breakdown voltage at increasing the temperature can not therefore be attributed
to an increase of ionization at higher temperatures, but derives from the presence of deep levels or
partially ionized impurities [137]; (iii) another evidence of the presence of deep levels is represented
by a kink in the output drain I-V characteristics, which appears at low temperatures (< -50°C) for
high drain voltages, Vps > 40 V. The kink is due to the compensation of negative charge trapped
on surface traps or deep levels consequent to electric-field-induced detrapping or to injection of holes
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Figure 4.2: (a) Ip vs Temperature (normalized to the RT value) at Vpg = 30 V, Vgs =0 V. (b) Ig,
Ip vs Vgs at different Vps. The bell shape behaviour demonstrates the presence of impact ionization.
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Figure 4.3: (a) In(|Ig | /Ip) vs 1/(Vps - Vpsar) at different temperatures. In the insert: | Ig | /Ip
at Vps = 75 V as a function of temperature. (b) Gate-drain breakdown voltage (source floating)
measured at different temperatures. Insert: Arrhenius plot of the reverse current before breakdown,
at Vgp = -10 V, giving an activation energy Ea = 0.8 eV.

generated by impact-ionization; (iv) the kink is correlated with both a down-ward and an upward
dispersion of the transconductance as a function of frequency, gm(f). Downward dispersion has Ea
= 0.26 eV, which corresponds to a positive peak in the drain current DLTS spectrum, and can be
attributed to process-induced deep levels on the surface of the source-drain recessed-channel region
[138]. Upward dispersion has Ea = 0.20 eV and corresponds therefore to the ionization energy of Al
acceptors in the p-doped gate layer, observed in current and capacitance DLTS spectra. Finally, (v),
the current DLTS spectra show the presence of a peak at Ea = 0.15 eV, attributed to nitrogen donors
in the n-channel layer [139].

4.2 Device description and analysis of DC Characteristics

Figure 4.1(a) shows a schematic cross-section of the buried-gate JFETs, with a p-gate doping density
(Aluminum) 3 - 10'® cm~2 and a n-channel doping density (Nitrogen) of 3 - 10'7 ecm™3, L=8 um,
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Figure 4.5: (a) gmn(f) dispersion on buried gate 6H-SiC JFET. (b) Activation energy calculated
from gp,(f) dispersion measurements on buried gate 6H-SiC JFET.

W=0.76 mm. Fig. 4.1(b) shows the output characteristics of a representative sample, together with
the gate current I, measured at Room Temperature, RT. At increasing Vps beyond 40 V, a large
increase in the (negative) Ig is observed, which is attributed to the collection of holes generated
by impact-ionization, as occurs in GaAs FETs. To avoid device self-heating, which is evident in
Fig. 4.1(b), pulsed measurement, with a duty cycle of 1% have been chosen in order to study devices
characteristics as a function of temperature. The drain current Ip has a non-monotonic behaviour as
a function of T, see Fig. 4.2(a), decreasing from RT towards low-temperatures due to the reduction
in channel conductivity consequent to the decrease in donor ionization, and from RT towards higher
temperatures due to the reduced electron mobility and drift velocity consequent to enhanced phonon
scattering [140].

The on-state gate current vs Vg shows the ‘bell-shape’ behaviour typical of impact-ionization, see
Fig. 4.2(b). Carrier multiplication due to impact-ionization is usually modeled in FETs as | Ig | /Ip
~ exp[-1/(Vps- Vpsat)] ~ exp[l/(E - Lesy)], where Less is the effective length where ionization
occurs, Vpgar is the drain saturation voltage and F is the longitudinal electric field. The | Ig | /Ip
experimental data actually follow an exponential dependence on 1/(Vps - Vpsat), as shown in Fig.
4.3(a). Since Ig is proportional to the hole current, while Ip represents the primary electron current,
| Ia | /Ip represents the impact-ionization multiplication factor, which decreases at increasing T, due
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Figure 4.6: Capacitive DLTS (a), and Drain current DLTS (b), on buried gate 6H-SiC JFET.
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Figure 4.7: Activation energies evaluated from both drain current and capacitive DLTS on buried gate
6H-SiC JFET.

to increased phonon scattering and reduced electron energy.

The off-state gate-drain breakdown voltage, BVpg, is close to the theoretical value [141], but
decreases at increasing T, see Fig. 4.3(b). Since impact-ionization alone would have caused a positive
coefficient of BVgp as in the case of Si and GaAs devices, other mechanisms are present. In particular
electron detrapping from surface states has been already reported to induce an increase in the electric
field [142), while presence of incompletely jonized impurities has been shown to cause current lock-on
[143); both effects may eventually lead to device breakdown.

The presence of deep levels or of dispersion effects related to non-ionized impurities is also derived
from the observation of kinks in the Ip - Vps characteristics at T < —50°C, see Fig. 4.4. Kink occurs
at Vps > 40 V, when impact-ionization is triggered and can be attributed to the compensation of
negative charge trapped on surface traps or deep levels consequent to electric-field-induced detrapping
or to injection of holes generated by impact-ionization.
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4.3 Traps in SiC JFET

Kink phenomena are correlated with both a down-ward and a upward dispersion of the transcon-
ductance as a function of frequency, gny(f), Fig. 4.5(a). Downward dispersion has Ea = 0.26 eV,
Fig. 4.5(b), which corresponds to a positive peak in the drain current DLTS spectrum, Fig. 4.6(a),
and is attributed to process-induced deep levels on the surface of the source-drain recessed-channel
region [139]. Since these are surface traps, they do not contribute to the current DLTS spectrum of
the gate/channel pn junction, compare Figs. 4.6(a) and 4.6(b). Upward dispersion of gp,(f) has Ea =
0.20 eV and corresponds to the ionization energy of Al acceptors in the p gate layer, observed in both
the drain current and capacitance DLTS spectra. The current DLTS spectra also shows the presence
of a peak at Ea = 0.15 eV, attributed to nitrogen donors in the n-channel layer, see Figs. 4.6(b) and
4.7 [139]. The analysis reported here show for the first time a close correlation between DLTS results
and device electrical characteristics of SiC JFETs and clearly demonstrate the influence of surface
states and deep donors/acceptors levels in determining high field and low temperature behaviour and
parasitic effects of SiC devices.
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Conclusions

The work carried out under the seed project“Study of Hot-Electron Effects, Breakdown and Re-
liability in FETs, HEMTs and HBTs” has provided new data, obtained by means of experimental
work and Monte Carlo simulations, concerning the maximum voltage limitations of advanced mi-
crowave devices. In particular we have analyzed devices based on GaAs and InP (i.e. having the
channe] region composed by Ing2Gag sAs in pseudomorphic HEMT on GaAs, and by Ings3Gag.47As
in lattice-matched HEMTs on InP, respectively) and JFETs grown on 6H SiC.

Some conclusive remarks can be listed here, summarizing the results of the work.

o InP-based HEMTs show the best performances for applications at 90 GHz and beyond, both in
terms of noise and in terms of rf power and power added efficiency. Power applications for these
devices are limited by factors related with device design and channel material properties;

¢ The narrow bandgap of Ing 53Gag.47As induces significant impact-ionization even at low applied
voltages, see Figs. 1.1 and 1.2 of this report;

o The electron impact-ionization coefficient, o, of Ing 53Gag 47As does not follow the usual linear
dependence on exp(1/F), where F is the electric field, so that ionization is non negligible even
at low electric field, Fig. 1.2;

o The thermal coefficient of the impact-ionization is positive, see Fig. 1.3, (the thermal coefficient
of breakdown voltage is negative), thus leading to potential electro-thermal positive feedback
mechanisms which can induce premature breakdown and burn-out.

The poorness of the channel material properties concerning breakdown can be compensated by a
clever design of the device structure (the following rules apply in particular to InP-based HFETs and
HEMTSs but can be used also to improve the breakdown voltage of devices based on GaAs or on wide
bandgap materials):

e The off-state breakdown can be improved by increasing the barrier height of the gate Schottky
junction, thus limiting thermionic emission of electrons from the gate to the channel, which
starts the avalanche process in off-state conditions;

o Composite InGaAs/InP channel structures adopting channel quantization can be used to enhance
the breakdown voltage of InP-based HEMTs, see Figs. 2.27 and 2.28;

o A suitable gate recess structure can reduce the longitudinal electric field, thus improving both
on-state and off-state breakdown voltage;

¢ On-state breakdown voltage can be also improved if removal or control of holes generated by
impact-ionization is obtained. In fact, holes induce a pseudo-bipolar effect which is responsible
of kink effects and premature breakdown in on-state conditions, see Figs. 2.14 and 2.17.

Very high values of the on-state and off-state breakdown voltages can be obtained, of course, by
adopting wide bandgap semiconductors, such as SiC. The technology of these devices, as well as that
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of GaN microwave devices, is rapidly improving. Initially, the measured breakdown voltages were
much lower than the ideal ones, mostly because of the presence of premature breakdown points due
to a high density of micropipes. With the improvement of epitaxial techniques this problem has been
partially reduced. Several authors, however, have shown anomalous breakdown voltages, with values
which were decreasing at increasing temperature. Our work has been limited so far to buried gate
JFETSs grown on Lely substrates. Results show that:

¢ the multiplication factor | Ig | /Ip and, consequently, the electron impact-ionization coefficient
decrease at increasing temperature (the usual behaviour observed in both Si and GaAs)

e Several anomalous effects have been observed, such as: frequency dispersion of the transconduc-
tance and kink effects at low temperature. Moreover, the off state breakdown voltage decreases
at increasing the temperature. These effects seems to be linked to the presence of incompletely
ionized impurities and, possibly, of deep levels, as suggested by DLTS measurements, see Fig.
4.6.

Reliability problems can also limit the applicability of all kind of FET devices at high voltages, due
to failure mechanisms induced by hot carriers. During this work we have carried out extensive device
accelerated testing and we identified failure mechanisms induced by hot carriers in both GaAs-based
pseudomorphic HEMTs and InP-based HEMTs. In particular:

e Trap creation in the gate recess region of pseudomorphic HEMT has been observed after hot
carrier testing, giving rise to kinks in the output I-V characteristics, drain current and transcon-
ductance decrease, increase of transconductance frequency dispersion.

o Drain resistance increase and degradation of the access regions has been found in InAlAs/InGaAs
HEMTSs on InP. Surface degradation with trap creation seems to be responsible for the damage.

In general, a careful control of the characteristics of surfaces and interfaces seems to be crucial for
a good hardness against hot carrier degradation, the most critical region being the recessed gate area,
where surface damage may also be induced by plasma treatments. The adoption of an InP ‘passivation’
layer on top of the InAlAs greatly improves the reliability of InP HEMTs, see Fig. 3.13(b).

A better understanding of the physical phenomena which induce device breakdown and degra-
dation effects is required if improved devices are to be fabricated. In the course of this project we
demonstrated the capabilities of advanced experimental tools (such as energy-resolved and spatially-
resolved electroluminescence measurements) and theoretical simulation programs (a 2D Monte Carlo
device simulator) in describing hot carrier transport in advanced microwave devices. Further work is
needed

o to understand in more detail the physics of on-state breakdown effects
e to understand dynamic effects and degradation under pulsed conditions

¢ to derive models which allow one to predict reliability in operating conditions from DC and rf
accelerated tests data to analyze possible reliability problems due to deep levels in wide bandgap
devices.
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