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Abstract

Objectives. Gallium nitride heterostructural field-effect transistors (GaN HFET) are among the most promising
semiconductor devices for power and microwave electronics. Over the past 10-15 years, GaN HFETs have firmly
established their position in radio-electronic equipment for transmitting, receiving, and processing information,
as well as in power electronics products, due to their significant advantages in terms of energy and thermal
parameters. At the same time, issues associated with ensuring their reliability are no less acute than for devices
based on other semiconductor materials. The aim of the study is to review the thermal and mechanical mechanisms
of degradation in GaN HFETs due to the physicochemical characteristics of the materials used, as well as their
corresponding growth and post-growth processes. Methods for preventing or reducing these mechanisms during
development, production, and operation are evaluated.

Methods. The main research method consists in an analytical review of the results of publications by a wide range
of specialists in the field of semiconductor physics, production technology of heteroepitaxial structures and active
devices based on them, as well as the modeling and design of modules and equipment in terms of their reliable
operation.

Results. As well as describing the problems of GaN HFET quality degradation caused by thermal overheating,
mechanical degradation, problems with hot electrons and phonons in gallium nitride, the article provides an overview
of research into these phenomena and methods for reducing their impact on transistor technical parameters and
quality indicators.

Conclusions. The results of the study show that strong electric fields and high specific thermal loading of high-
power GaN HFETs can cause physical, polarization, piezoelectric and thermal phenomena that lead to redistribution
of mechanical stresses in the active region, degradation of electrical characteristics, and a decrease in the reliability
of the transistor asawhole. Itis shown that the presence of a field-plate and a passivating SiN layer leads to a decrease
in the values of mechanical stress in the gate area by 1.3-1.5 times. The effects of thermal degradation in class
AB amplifiers are more pronounced than the effects of strong fields in class E amplifiers; moreover, the mean time
to failure sharply decreases at GaN HFET active zone temperatures over 320-350°C.

Keywords: GaN HFET, heterostructure, dual-channel HFET, coupled-channel HFET, current, self-heating, thermal
conductivity, degradation, doping
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TemoBble 1 MeXaHHUYECKHE MEXaHU3MbI JIerpajanuu
B FeTEPOCTPYKTYPHBIX MOJIEBbIX TPAH3UCTOPAX
HA HUTPU/E rajias
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Pesiome

Llenun. MetepocTpyKTypHblE MONAEBLIE TPAH3UCTOPLI Ha HUTpuae rannus (GaN HFET, heterostructural field-effect
transistor) sBnsiloTCH Hanbonee NepcnekTUBHbLIMKY NOJTYNPOBOAHWUKOBLIMW YCTPONCTBAMW OJ151 CUSTOBOW 1 CBEPXBbI-
COKOYaCTOTHOM anekTpoHuku. 3a nocnegHme 10-15 net GaN HFET npo4HO 3aHsnM MecTo B annapartype pagmo-
3JIEKTPOHHbIX CPEACTB Nepenayn, npuema n o6paboTkn nHdopMaLmm, a TakxKe B U3AENNAX CUIIOBOM 9/1IEKTPOHNKN
3a CYET CYLLLECTBEHHbIX MPEVMYLLECTB B 9HEPreTUYECKMX U TEMOBLIX NapameTpax. [pn aTom Bonpockl obecneyeHns
NX 0ONrOBPEMEHHOW HAZLEXXHOCTN CTOSIT HE MEHEE OCTPO, YEM A5 NPMOOPOB Ha APYrX NONYNPOBOAHNKOBbLIX MaTe-
puanax. Llenbto nccnenosaHus sensieTcs 0630p TEMNSIOBLIX U MEXaHUYECKUX MexaHn3MoB aerpagaunii B GaN HFET,
00YyCNOBNEHHBIX PU3NKO-XMMNYECKMMN OCOOEHHOCTSIMU NPUMEHSIEMbIX MaTepunasnos, POCTOBLIMU U MOCT-POCTO-
BbIMM MPOLLECCaMu, 1 cnocoboB KyNMPOBaHUS 3TUX MEXAHN3MOB Npu pa3paboTke, MPON3BOACTBE N SKCyaTaLmu.
MeToabl. OCHOBHbIM METOLOM UCCNENOBAHUS SBNSETCS aHANIMTUYECKMIA 0630p pe3ynbTaTtoB nybankaumii lWpo-
KOro Kpyra crneumannctoB B 06nact Gusmky noynpoBOLHMKOB, TEXHOIOMM NPON3BOACTBA FrETEPO3NUTAKCUANb-
HbIX CTPYKTYP W aKTMBHbIX MPUOOPOB Ha X OCHOBE, MOLENNPOBAHMS U NPOEKTUPOBAHUS MOAYNEN 1 annapaTypsbl,
HaEeXHOCTWN 1 3KCMyaTauun.

PesynbTaTtbl. OnucaHbl Npu4mHbl CHXEHUs nokasartenern kadectsa GaN HFET, Bbi3biBaemble TennoBbIMK nepe-
rpeesamu, MexaHu4eckummn gerpagaumsimu, npobremamm ¢ ropsymmm anekTpoHaMmm U GoHOHaMU B HATPUAE ran-
NS, a Takxke npeacTasneH 0630p UCCNefoBaHW, MOCBALLEHHbLIX 9TUM SIBIEHUSIM U METOAM CHUXEHWS X BO3OEN-
CTBUS HA TEXHMYECKME NapaMeTpbl TPaH3MCTOPOB M Noka3aTenun KayecTsa.

BeiBoApbl. [10 MTOram nccnenoBaHs OTMEYEHO, YTO CUJIbHBIE 3NEKTPUYECKME MNOJIS U BbICOKAS YAENbHas TENIoBas
HarpyXeHHOoCTb MOLHbIX GaN HFET BbI3bIBalOT dusnyeckmne, nonsapusauoHHble, Nbe303NIEKTPUYECKME 1 TEMO-
Bble SIBIEHUS, CNOCOOHbIE NPUBOAUTL K NEPEPACMNPEAENEHNIO MEXAHUYECKMX HAMPSXKEHN B aKTMBHOW 06/1acTu,
Jerpagaummn anekTpUYeCcKmX XapakTePUCTUK N CHUXKEHMIO HAAEXHOCTN TPaH3UCTOpa B LLENOM. YCTaHOBIEHO, YTO
HanM4ve NoNeBON NnaThl U NACCUBUPYIOLLLENO CA0S N3 HUTPUAA KPeMHUA SiN NPMBOASAT K CHUXEHMIO 3HAYEHUI Me-
XaHMYecknx HanpsiXxeHnii B obnactu 3ateopa B 1.3—1.5 pas, addekTbl TENN0BOW Aerpagaumm B yCUIUTENAX Knac-
ca AB BbIpaxeHbl cunibHee, 4em addekTbl BO3AENCTBUS CUMbHBIX NONEN B yeunmutensx knacca E, npu temnepartype
akTmBHOM 30HblI GaN HFET 6onee 320-350 °C pe3ko CHuxaeTcsi BpeMs cpeaHein HapaboTkm Ao oTkasa.

KnioueBble cnoea: GaN HFET, retepocTpykTypa, AsyxkaHanbHbiii HFET, HFET co cBa3aHHbIMM KaHanamu, TOK,

CaMopasorpes, TEeMIoNPOBOAHOCTb, AerpanaLuus, nernposaHme
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npOSpa'-IHOCTI: ¢|/||-|ch030|‘& AedaTesibHOCTU: ABTOp HEe nMmeet q)l/lHaHCOBOI7I 3anHTEepPeCcoBaHHOCTW B nNpencTaBJieH-

HbIX MaTepunanax nnm MmetTogax.

ABTOp 3asBnseT 06 OTCYTCTBUM KOH(DINKTA MHTEPECOB.

INTRODUCTION

The achievements of recent years in the development
of power and high-power microwave devices are mainly
associated with Ill-nitride materials and the various
devices based on them [1-3]. Heterostructured field-
effect transistors (HFET) on gallium nitride (GaN) are
the most promising for high-power microwave and
power applications due to the sufficiently high mobility
of electrons, high density of charge carriers, and high
breakdown voltages, which is especially evident when
operating in pulsed modes [4].

The idea of charge accumulation at the interface of
a heterojunction first proposed in the late 1960s led to
the possibility of creating an amplifying device on this
basis. However, it was only after the development of
high-quality high-precision epitaxial growth methods
in the 1970s that the task of transforming a field-effect
transistor (FET) into a heterostructural field-effect
transistor (HFET)—also known as a high electron
mobility transistor (HEMT)—could be solved [5].

In 1978, the achievement of high electron mobility
obtained by modulating doping was demonstrated
for the first time; in 1980, the University of Illinois
demonstrated a device called a modulated-doped field-
effect transistor (MODFET). During the following
decades, the efforts of engineers and scientists from
different countries led to more complex devices such
as double heterojunction field-effect transistors [6]. The
simplest GaN/AlGaN HFET structure incorporating
aluminum-—gallium nitride AlGaN is shown in Fig. 1 [7].
AIN/AlGaN/GaN/AlGaN/GaN/AlGaN multilayer
heterostructures have become the basis for a new
component base of solid-state microwave electronics.

The above-described structure is not the only possible
one for GaN HFETs. For example, in InAIN/AIN/GaN
devices incorporating indium-aluminum nitride (InAIN),
a different structure is used for this purpose. Although
both structures exhibit polarization, the AlGaN variety
has stronger piezoelectric polarization, whose effect
can be enhanced due to structural characteristics.
For example, the piezoelectric effect is stronger
in GaN/AlGaN than in InAIN/AIN due to the grid
mismatch between the layers [8]. Here, the spontaneous
polarization for the InAIN/AIN/GaN structure plays

SigN,

Gate

Source Drain

i-GaN
AIN

Carrier (sapphire, SiC)

Fig. 1. The simplest structure of GaN/AIGaN HFET.
2DEG is two-dimensional electron gas; AIN is a buffer
layer of aluminum nitride minimizing differences in step
parameters of the chip lattice of heterostructure
and carrier; SiC is a silicon carbide carrier

the only role except when the aluminum nitride (AIN)
interface layer is used [9].

HFETs can be categorized into three main types
depending on the GaN/AlGaN structure (Fig. 2).
The typical structure, which consists of a single two-
dimensional electron gas (2DEG) channel, is classical
only because other HFET structures are often compared
to it when evaluating the improvement of properties.

A typical HFET structure starts with a layer of
AIN grown on a carrier (Al,0O,, SiC, Si) followed by
a thicker GaN buffer layer. The reason for using GaN
on AIN (grid mismatch) is due to the first buffer layers
serving as semi-isolating layers. After GaN growth, the
growth of the AIN separating layer continues. Since the
high frequency performance of AlGaN/GaN HFET is
degraded due to the transfer of high-energy electrons
from GaN to the AlGaN barrier, the AIN layer needs
to be grown in between them to prevent high-energy
electrons from moving to the AlGaN layer, thus keeping
the electrons in GaN and creating a high-density 2DEG.
However, this layer should not be thick (typically about
2 nm) due to the grid mismatch between GaN and AIN,
which causes strain relaxation and cracking [10]. This
layer is used to better confine the 2DEG channel due to
the wider bandgap due to the penetration of electrons
into the barrier material actually changing the effective
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GaN (2 nm)
AlGaN (20 nm)
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AN (350 nm) AIN (850 nm) AIN (850 nm)
Al,O3/ SiC Al,O3/ SiC Al,O3/SiC
(a) (b) (c)

Fig. 2. Conventional schematic representation of GaN HFET heterostructure:
(a) single-channel (classical), (b) dual-channel, (c) coupled-channel

mass and electron scattering rate. AlGaN is then grown
in such a way as to force electrons to form a channel in
GaN that relies on the polarization difference between it
and the GaN layer below. A final 2-nm thick GaN layer
is used to protect the AlGaN from oxidation and provide
a better metallic contact to GaN than to AlGaN. The
corresponding structure is depicted in Fig. 2a.

Another type of structure used for HFETSs is the dual-
channel HFET (Fig. 2b), which has a higher electron
density. The third type of HFET structure, shown in
Fig. 2c, is the coupled-channel HFET. In this structure,
unlike the two-channel structure, the two channels are at
the same energy level, so they can be coupled to form a
channel called a three-dimensional electron gas or 3DEG.

1. SOURCES AND MECHANISMS
OF GaN HFET FAILURES

Due to the strong electric fields present in GaN HFETs,
as well as the interaction of thermal, physical, polarization
fluxes, etc., there are multiple degradation paths in HFETs
caused by overheating, resulting in a decrease in specific
current, as well as an increase in gate leakage current and
reliability limitations. Power dissipation associated with
hot electron-hot phonon interactions can be caused by
several mechanisms. A number of papers have investigated
these degradation mechanisms and described approaches
for reducing their deleterious effects. Depending on the
operating time of a semiconductor device, there are three
main failure periods (Fig. 3) [11]. As can be seen, the
presence of device failure does not depend on the time of
its operation; thus, designers strive to exclude failures at
stages / and /I, as well as to maximize their reduction at
the aging period.

A(t) A

A= const

~Y

/ 1l 1l

Fig. 3. Typical dependence of failure intensity A
on operation time t:
lis a period of running-in and failures of low-quality
products; /Il is a period of normal operation (failure
intensity is approximately constant); /Il is a period
of aging (failures are caused by wear and/or aging
of materials)

In order to describe the above-mentioned degradations,
let us define their mechanisms. Although it is rather
difficult to classify all degradation mechanisms, for better
understanding we will divide them into three main groups:
electrical, thermal and mechanical. These mechanisms and
their interrelation are shown in the so-called “magic triangle”
of interactions that demonstrates the connections between
electrical, mechanical, and thermal interactions (Fig. 4) [7].

We will discuss the location of the main sources
of transistor failures typically manifested during
operation (Fig. 5) on the example of the simplest
GaN/AlGaN HFET structure.

From Figs. 4 and 5, it can be seen that the failure
mechanisms in GaN HFETs are closely related. Here,
failure sources / and 4 are peculiar to GaN devices
due to the presence of spontaneous and piezoelectric
polarization fields in AlGaN/GaN heterostructures,
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Fig. 4. “Magic triangle” of interactions

while sources 2 and 3 are caused by the presence of hot
electrons occurring at high supply voltage levels, and
sources 5—§ are activated by temperature increase [13].

The issues related to reliability improvement and
approaches to solving them require understanding of
GaN HFET degradation mechanisms, which can pose a
serious problem due to the peculiarities of GaN device
physics and imperfections of initial materials, as well as
growth and post-growth processes of device fabrication.
It was noted in [14-18] that some degradation effects
occur even when the devices are in the off state (without
bias voltages applied) or during double-state Schottky
gate biases [14—18]. In this case, the most significant
manifestation of degradation is a catastrophic increase in
gate current leakage. The existence of a critical voltage
above which degradation of GaN HFET parameters occurs
led to the proposal of a degradation mechanism based on
the formation of defects due to the inverse piezoelectric
effect [13]. Failure mechanisms 5—8 refer to heat-activated
degradation mechanisms, which were previously also
observed in devices built on other semiconductor materials
(Si, GaAs, InP, SiC, etc.). This suggests that these failure
mechanisms are more related to metallization technologies
and materials rather than to gallium nitride itself [13], but
can be more pronounced in the latter due to the peculiarities
of growth and post-growth technologies.

i-GaN

AIN (buffer) \

Carrier (sapphire, SiC)

! 4
Fig. 5. Main identified failure mechanisms [12]:
(7) electric field causing degradation of the gate edge
and pre-existing temperature defects;
(2) trapping of electrons in the passivation layer;
(3) generation of traps by hot electrons;
(4) generation of traps
due to electrothermomechanical damage
(temperature; electric field; mechanical deformation);
(5) thermally induced delamination of passivation;
(6) degradation of metal connection
with the gate due to electrothermomechanical
damage caused by traps;
(7) degradation of interlayer connections;
(8) degradation of ohmic contacts
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Electrical mechanisms of GaN HFET degradation
are discussed in detail in [19]. Now let us proceed to the
analysis of thermal and mechanical failure mechanisms,
as well as their interrelation with electrical mechanisms.

2. THERMAL MECHANISMS
OF GaN HFET DEGRADATION

A. The problem of self-heating

When the chip grid of a semiconductor material cannot
fully dissipate the heat generated by hot electrons through the
emission of hot LO phonons!, this excess heat accumulates
in the structure, interacts with hotter electrons and causes
even more heat, while there is no effective dissipation
mechanism. Consequently, the temperature of the device
rises, resulting in degraded device performance. This
mechanism, called self-heating, is an important problem for
GaN HFETs operating at high currents and powers.

In [20], the self-heating phenomenon of
AlGaN/GaN HFETs was investigated using sapphire or
SiC as a substrate. Itis observed thatin AlGaN/GaN HFETs
grown on 6H-SiC substrates, the allowable maximum
power dissipation is at least 3 times higher than that of
those grown on sapphire under the same conditions. This
is a result of the higher thermal conductivity of 6H-SiC
compared to sapphire. However, the problem with using
SiC as a carrier is its high cost. In order to understand
better the effect of self-heating, we present the simulation
results of temperature change in AlGaN/GaN HFETs
with different geometry, heterostructure design, doping
density, and substrate type obtained in [21].

In order to calculate the temperature rise, the authors
started with the nonlinear flow equation and continued
the simulation in doped and undoped Al1GaN/GaN HFET
channels on SiC. The structure used for the simulation
and the simulation result are shown in Figs. 6 and 7,
respectively [20]. It can be seen from the figures that
the sample with undoped GaN 2DEG channel layer
dissipates heat to a significantly lower extent compared
to the sample with doped GaN channel layer.

It is known from solid state physics that there are two
mechanisms that contribute to heat conduction. Thermal
conduction can result from vibration of grid nodes as well as
electronic conduction. The grid contribution to the thermal
conductivity of pure chip s is defined by the expression:

Kyria (7) =3V Coa DUT), n

where T is the temperature, V is the speed of sound in
the semiconductor, Cgri 4(7) is the grid heat capacity, and
L(T) is the average phonon free path length.

'LO Phonon is a
semiconductor chips.

longitudinal optical phonon in

The contribution of electronic conduction to thermal
conductivity is negligible at doping concentrations less
than 10'® cm™. On the other hand, since penetrating
dislocations decrease V and increase phonon scattering,
the thermal conductivity of material decreases due
to an increase in the dislocation density (GaN as a
pure material has a much higher thermal conductivity
compared to epitaxial GaN layers). At the same time,
the increase in phonon scattering due to the increase in
doping concentration dominates over the increase in the
contribution of electronic conduction.

Consequently, the thermal conductivity decreases
by increasing the doping concentration (kgrid decreases
by a factor of about 2 for each decade of increasing
n concentration), which is consistent with the findings
of [20, 22].

20 nm Al,Ga,_, N doped layer
(x ~14% or x ~ 33%)

3 nm Al,Ga,_ N un-doped barrier layer

50 nm GaN doped/un-doped layer

1 um GaN un-doped buffer

SiC carrier
|

™~ Heat contact (T = 300 K)

Fig. 6. Structure of the doped/undoped HFET
used in [20]

In [21], it is shown that with a greater increase in
temperature, the electron mobility begins to decrease. In
addition, when the size of the transistor decreases, the
negative effect of doping becomes even more pronounced
due to an increase in the density of dislocations and an
increase in the relative number of defects due to size
reduction.

B. Degradations associated
with heat exposure

In order to identify a specific device degradation
effect, it is necessary to define the test conditions in such
a way that other degradation mechanisms do not affect
the results obtained. When the gate is reverse biased (the
transistor is “locked”), the drain current is very small
and therefore, as the temperature increases, it can be
assumed that there are no other effects in the channel than
the applied thermal energy. In this way, the degradation
effects caused by thermal effects can be monitored. By
applying this test condition to GaN HFETSs, it is possible
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Fig. 7. Temperature rise profile in undoped (a) and doped (b) AlGaN/GaN HFET channels grown on SiC carrier [20]

to understand how thermal energy is dissipated in the
channel.

Thermal scattering is related to the thermal
conductivity of the material. It is known that the more
acoustic phonon modes are occupied in the structure of a
semiconductor, the greater its thermal conductivity. It
was shown in [23] that the group velocity of acoustic
phonons is much higher than that of optical phonons.
Consequently, at low temperatures, optical phonon
modes are not occupied, but only acoustic phonon modes
are occupied. However, this is only true for small electric
fields, which is usually not the case in high-power
HFETs unless measurements are made at very small
drain and gate biases. It can also be said that according
to (1), at low temperatures the free path length L is
relatively large and is dominated by the finite chip size
(size effect), the number of defects (negligible in the
case of a pure chip) and the thermal conductivity of the

T
grid  Cyy d(T)N[O_J’ where 0 is the Debye

D
temperature. With increasing temperature, the thermal
conductivity of the grid Cgrid(T) first begins to saturate,
and at very high temperatures the thermal conductivity
drops due to phonon—phonon and phonon—electron
scattering processes [20] (Fig. 8).

In the study [24], various research methods such as
Raman micro-thermography, micro-photoluminescence
spectroscopy and thermal modeling have been applied to
better understand the thermal properties of AlGaN/GaN
HFETs. It is confirmed that the thermal conductivity is
higher in bulk GaN than epitaxial layers due to the fact
that the bulk material has lower dislocation density. At
the same time, if the quality of bulk GaN is good enough,
the epitaxial layers will also be of higher quality, other
things being equal. It is proved that the thermal resistance

in GaN-on-SiC is very close to that of GaN-on-GaN,
although GaN has a slightly lower thermal conductivity
of Cgon ~ 260 W/(m'K) for bulk GaN compared to
Cgic ~ 480 W/(m'K) for SiC. The reason may be due
to the lack of thermal boundary resistance between the
device layers and the substrate [24]. Figure 9 shows
the surface temperature and depth profile at the center
of a 30 x 80 pm AlGaN/GaN HFET calculated in a
3D simulator and measured by photoluminescence
and Raman micro-spectroscopy. Using Fig. 9 and the
assumption of zero thermal boundary resistance (TBR ¢)
at the GaN-GaN interface and uniform GaN thermal
conductivity, as well as approximating the measured
curve using the 3D-T thermal model with a standard
thermal conductivity temperature dependence 7122,

102 — i mEaas T T

—_
o

Thermal conductivity, W-cm™1. K™

10-1 PR sl
1 10 100
T.K

1000

Fig. 8. Temperature dependence of thermal
conductivity of GaN HFET with gate width Wg =200 um:
dashed line—scattering limit at phonon free path length

of 500 um due to size effect,
solid line—dependence T~1-22[20]
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Fig. 9. Dependence of temperature T on the surface
on the substrate thickness [24]

we  obtain a  Cg, thermal  conductivity
Cgan ~ 260 W/(m'K), in contrast to the thin epitaxial
layer having a value CepiGaN ~ 150 W/(m-K).

In [25], a developed ML-TCAD? coupled electronic
model is presented, which enables prediction of the gain
reduction and efficiency of GaN HEMTs induced by
hot electron effects and does not require knowledge of
reliability physics and results of long-term experimental
tests. The resulting model predicts with high reliability
the results of drain current variation in GaN HEMTs
under the effect of hot electron voltage. In addition, the
model allows us to determine the location, distribution,
concentrations, and energy levels of traps in GaN HEMT
from the current—voltage degradation curves, which
is certainly useful for further studying the physical
degradation mechanism of GaN HEMT under hot
electron exposure.

C. Degradation of ohmic contacts
and passivation coatings

AlGaN/GaN HFETs use ohmic contacts with
standard gold metallization, which seems to guarantee
sufficient stability under elevated temperature tests up
to a certain limit. In [24], GaN HFETs with Ti/Al/Pt/Au
ohmic contacts were subjected to step voltage for 48 h.
It was found that the ohmic contacts begin to degrade
at transition temperatures above 300°C—self-heating
of the transistor leads to degradation of performances

2 ML-TCAD is an electronic model of a transistor created on
machine learning (ML) basis to significantly speed up calculations
in the TCAD (Technology Computer-Aided Design) environment
by minimizing physical calculations.

of devices and blocks due to degradation of the ohmic
contacts [13, 24].

In [26], the degradation of AIGaN/GaN/SiC HFETs
with 25 um gate length and different passivation coatings
related to the temperature regime of transistor operation
was investigated. It was shown that the threshold
voltage degradation starts in the temperature range
of 310-330°C. Changes in the structure of the transistor
were analyzed by measuring electroluminescence and
using transmission electron microscopy (TEM). The
formation of voids and gold diffusion in AlGaN/GaN
were detected. These processes are responsible for device
degradation with conventional passivation techniques.

The temperature increase of the active region
and the transistor chip itself depends, among other
things, on the choice of the operating point and the
level of input microwave power. Figure 10 shows the
thermal distribution over the chip surface in the input-
to-output cross section of an AlIGaN/GaN/SiC HFET
with overall dimensions of 480 x 800 x 100 um, gate
length L; = 25 pm, and gate width W5 = 6 x 200 um.
The tests were performed at a case base temperature
of 120°C.
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Fig. 10. Temperature distribution T on the chip
surface at different power levels of the input microwave
signal [26]

It can be seen that when the power load P is
increased, the temperature distribution over the transistor
area changes dramatically. The resulting temperature
nonuniformity will certainly be the cause of subsequent
transistor failures. Additional studies confirm that the
temperature increase of the chip surface depends both
on the case temperature and power dissipated (Fig. 11).

It is found that when exposed to elevated
temperature, the gate current increases and the gate
threshold voltage shifts to the negative side, and this is
due to the passivation layers.
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Fig. 11. Dependence of transistor surface temperature
increment AT on power dissipation P at different base
temperatures [26]

In [27], the results of investigation of microscopic
origin of the vulnerability of GaN HFET materials
and devices based on them to high temperatures by
monitoring the onset of structural degradation at different
temperature conditions in real time are presented. The
studies have been carried out by means of SEM. Electron-
transparent samples were fabricated from bulk material
and heated up to 800°C. High-resolution transmission
electron microscopy, scanning transmission electron
microscopy, energy-dispersive X-ray spectroscopy,
and geometric phase analysis (GPA) were performed
to assess the quality of chips, to study the diffusion of
materials and the processes of strain propagation in the
sample before and after heating. It was observed that the
decrease of the gate contact area is noticeable starting
from the temperature 470°C, and it is accompanied by
Ni/Au mixing near the gate/AlGaN interface. Elevated
temperatures cause significant out-of-plane lattice
expansion at the SiNx/GaN/AlGaN interface, as shown
by GPA strain maps with geometric phase, while in-
plane strain remains relatively constant. In this study, it
is shown that exposure to temperatures exceeding 500°C
leads to 2 orders of magnitude increase in leakage current
in GaN HFETs. The results of this study provide real-
time visual information to determine the initial location
of degradation and highlight the effect of temperature
on GaN HFET structure, its electrical properties, and
material degradation.

D. Failure and service life testing

Thermal effects are one of the major problems that
reduce the performance and reliability of a semiconductor
device. It is the most common mechanism because

AlGaN/GaN HFETs mainly operate at relatively high
temperatures.

Device reliability is a very important issue.
Nowadays, every company has separate departments
that focus on the quality and reliability of their devices.
For any manufactured devices, it is required to determine
the area of safe operation, the average time until failure,
and the shelf life of devices and appliances. Therefore,
the industry pays great attention to the reliability of
its products—samples are subjected to numerous
tests, including short-term and long-term failure and
survivability. As you can understand from the name,
these tests are conducted to evaluate the service life
of the device. Since you cannot wait 10 or 25 years to
see what happens to a semiconductor device, special
conditions are applied to conduct relatively short time
tests to evaluate the mean time to failure (MTTF).

These accelerated life tests are basically performed
at three different temperatures and for each one the
MTTF is measured. By extrapolating these values to the
temperature at which the device is operating (with the
device junction temperature being higher than the case
temperature), the MTTF for the device can be obtained.
Figure 12 shows how the MTTF is evaluated in a failure
test: the MTTF is measured at three junction temperatures
of 260, 285, and 310°C, and by extrapolation it is
determined that at an operating junction temperature
of 150°C the MTTF is more than 107 h, activation
energy £, = 2.0. Usually, the minimum possible
number of devices is tested, but in such a way that the
measurements do not lose accuracy [7].
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Fig. 12. Determination of MTTF by measurement
at three temperatures

At the permissible operating temperature of
the p-n-junction 7j of the active zone of the
GaN HFET chip, equal to 200°C, the average MTTF
is 103 h (11.57 years). The device resistance to load
mismatch up to a voltage standing wave factor of 10
in the large-signal mode 1is also demonstrated.
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Rapid (within several hours) destruction occurs in
modern GaN heterotransistors at junction temperatures
of 320-350°C [13].

In [28], the degradation effects observed in
GaN HFETs with a gate length of 0.15 pm were
experimentally investigated under real power amplifier
conditions, i.e., when a high-level microwave power is
applied to the input. The measurements were performed
for a series of devices in the loud-pull measurement
mode. Consequently, this mode of experimentation
provides information relevant to microwave signal
operation and enables preferentially detecting changes
in electrical quantities that cannot be directly detected
at current—voltage curve or high frequencies. Values
such as gate resistance now play a fundamental role in
reliability analysis of technologies. Experiments were
performed on GaN HFETs with the same gate width
while operating in class AB mode, a saturation mode
that emphasizes degradation effects caused by high
temperatures due to increased power dissipation, and
in class E mode, where degradation is enhanced by
strong electric fields. Experiments were conducted at
T,=23°Cand T, =100°C. As aresult, it is found that:

e GaN HFET degradation level depends on the actual
radio frequency mode;

e thermal degradation effects, which are enhanced in
the class AB mode, are more pronounced than the
effects of strong fields in the class E mode;

e characterization of GaN HFETs under real
microwave loads should be used to accurately
and deeply investigate degradation and failure
mechanisms in order to determine MTTF in practical
microwave applications.

3. MECHANICAL MECHANISMS
OF GaN HFET DEGRADATION

A. Inverse piezoelectric effect

Mechanical stresses are also important as part
of the triangle of interactions (Fig. 4). Mechanical
stresses have an important influence on the parameters
and reliability of microwave GaN HFETs. Gallium
nitride is a polar material, i.e., valence electrons are
not distributed between two neighbors uniformly—this
causes local polarization of the semiconductor chip.
However, globally the polarization vector of GaN is zero.
Consequently, when mechanical pressure is applied, the
chip structure can bend or expand (depending on the
direction of the force) and cause a resultant polarization
that can act as an electric field. This phenomenon is
called the piezoelectric effect.

On the other hand, if we apply an electric field to
this chip, the chip can again bend or expand (depending
on the direction of the electric field). In this case, the
electric field induces a mechanical force—this effect is

called the inverse piezoelectric field. When the gate—
source voltage Ug‘s_ is applied, the inverse bias of the
gate channel becomes more and more depleted. If too
large an electric field is applied in the direction opposite
to the relaxation direction of the chip, it will induce
a large mechanical force and may cause mechanical
damage to the chip. Such an effect is what is called the
inverse piezoelectric effect. This is what happens to GaN
when too large a voltage Ugs, is applied.

Fabrication processes and operating conditions also
affect mechanical stresses. In [29], in particular, the
relationship between mechanical stresses and reliability
of gallium nitride heterotransistors is discussed. In this
work, Alj,Ga, JN(20 nm)/GaN(2 pm) structures on a
75-um thick carrier were investigated. The calculations
show that a 100-nm thick SiN passivation layer creates
a mechanical stress of up to 300 MPa at the gate
junction [13]. Tensile stresses are critical from the point
of view of transistor reliability due to the fact that they
contribute to the formation of “pits” on the surface of
the heterostructure. Figure 13 shows the calculated
value of mechanical biaxial stresses in the gate region as
a function of specific power dissipation Pjiss.sp. for two
GaN HFET designs:

e traditional—without SiN passivation coating and
field-plate;

e improved—in the presence of SiN and field-plate,
usually used to increase breakdown voltages in
HFETs.

The given data show that the presence of the field
board and SiN layer leads to a 1.3—1.5-fold reduction
of mechanical stresses in the gate region depending on
the specific power dissipation. Of course, mechanical
stresses depend on both the substrate temperature and
the temperature of the p-n-junction.
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Fig. 13. Dependence of the magnitude
of mechanical biaxial stresses o,, on the specific power
dissipation P in GaN HFET [13]
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In [29], calculations of the values of mechanical
biaxial stresses ¢ . in GaN HFETs arising due to the
inverse piezoelectric effect (Fig. 14), the consequence
of which is the appearance of the electric field. For
comparison, Fig. 14 outlines the area corresponding to
the values of the electric field strength arising in the
transistor at voltages (V, ;) between the drain and source
Uy, =50-70 V.
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Fig. 14. Dependence of the magnitude of mechanical
biaxial stresses o,, on the electric field strength
in GaN HFET [29]

It follows from the data given in [29] that the values
of the above mechanical stresses caused by the power
dissipated in the transistor are comparable in magnitude
to the stresses due to the inverse piezoeffect.

Ohmic contacts also create mechanical stresses.
Thus, mechanical stresses in GaN heterotransistors are
one of the reasons of their reliability decrease.

B. Interrelationship of thermal
and mechanical degradation

It was shown in [30] that the high specific thermal
loading of high-power AlGaN/GaN/SiC transistors
requires a particularly careful approach to heat dissipation
in operating modes. Preventive measures to eliminate
any assembly defects in high-power AlGaN/GaN/GiC
transistors are essential. For example, the defect of
vertical tilting of the chip after soldering it to the base
leads to unequal thickness of the solder layer at the
periphery between the chip and the base. The evaluation
of stresses arising in the chip during heating depending
on different variants of the chip arrangement in space,
as well as their influence on the potential reliability of
the chip structure are shown in [30], where the values
and nature of the distribution of mechanical stresses in
the chip were determined by calculating the stress—strain
state of the chip model with a defect of displacement
along the face or corner by the finite element method.
The edge displacement in this case is a uniform increase/
decrease in solder thickness between two parallel faces
of the transistor chip, and the corner displacement is

a change in solder thickness along the diagonal of the
soldering plane.

Figure 15 shows the three-dimensional distribution
of the main thermal stresses in the SiC layer. Based on
the obtained values of equivalent stresses for the variants
of chip position, the safety factor was calculated. The
safety factor determines how much the actually designed
structure can withstand the induced thermal stresses.

In [30], it is shown that the chip reliability of
AlGaN/GaN/SiC transistors deteriorates by a factor of 6.5
at the maximum angle tilt and by a factor of 3.6 at the
maximum edge tilt. Thus, it is shown that the displacement
of the chip plane significantly increases mechanical stresses
in the chip body in areas with thinning solder layer, which, in
turn, means the potential development of mechanical failures
of the structure, especially under cyclic thermal loads.
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Fig. 15. Distribution of main stresses in the chip under
continuous power dissipation for the case of:
(a) uniform constant solder thickness,
(b) nonconstant thickness along the face,
(c) nonconstant thickness along the angle [30]
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C. Relationship between electrical
and mechanical damage

Degradation may be reversible or irreversible. If
the product returns to its normal state after the end of
stress impact, we can talk about reversible degradation.
However, sometimes after the end of degradation the
device is irreversibly changed, which is interpreted as
damage or irreversible degradation.

Electrical degradation is characterized by the value
of critical applied voltage below which degradation
is reversible. Application of voltages higher than
the critical voltage causes irreversible degradation.
In [31], significant crystallographic damage induced
by strong electromagnetic fields is shown, as well as
the correlation between electrical degradation (sudden
drop in current consumption, current collapse, increase
in gate leakage current, avalanche injection, etc.) and
material degradation as a mechanical effect. To find the
correlation between electrical and physical damage,
the depth and width of pits for different samples are
measured from images obtained by transmission electron
microscopy. Then, a degradation plot of the percentage
of saturation current /, . ... between drain and source and
collapse current / ( ., values as a function of the depth
of the defect region is plotted to obtain a quantitative
comparison between electrical and mechanical damage.
This is shown in Fig. 16 [32] and implies that these
mechanisms are interrelated and crystallographic
damage is responsible for electrical degradation.
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Fig. 16. Correlation between the values of /
and the depth of defects [32]
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Figure 17 schematically shows the mechanical
stress distribution in the gate region when a negative
voltage is applied to the gate with respect to the drain
and source [33].

When the transistor operates in pulsed mode,
the mechanical stresses shown in Fig. 17 increase
and decrease. While amplifiers based on microwave
GaN HFETs should operate for 15-20 years, billions
or even trillions of such cycles occur in the transistor.
Eventually, a crack occurs in the gate region on the drain
side. This is due to the fact that the tensile mechanical
stresses on the drain side relative to the gate in operating
mode when voltage is applied to the drain are greater
than on the source side. In the initial stage of the process,

Source

Al Ga,_N

AIN (buffer) \

Tension field

Fig. 17. Stretching regions of the AlGaN layer resulting
from the inverse piezoelectric effect

defects in the form of pits are formed—Iess deep and
rare on the source side and deeper and more frequent on
the drain side. Figure 18 shows the time evolution of the
process [34].

Puc. 18. Evolution of crack formation from pitted defects
in time [34]:
(a) after 10 min, (b) after 1000 min

Jimenez investigated the degradation mechanisms
of a power amplifier in the form of a 3-stage microwave
monolithic integral circuit (MMIC) W-band based on
gallium nitride under the influence of an input microwave
signal of high-power level®. The same experiments were
performed on a discrete transistor with a gate periphery
equal to the gate periphery of the MIC output stage. The
studies did not reveal any shift in the threshold voltage
(Uyres) after exposure to a high-power microwave signal;
however, the modeled dynamic load lines showed that
the output voltage fluctuations exceeded the breakdown
voltage (Uy ¢ prear) When exposed to an input microwave
signal with a high power level. Thus, it can be concluded
from the experiment that the inverse piezoelectric effect
will be the main factor of performance degradation,
leading to defects and dislocations in the chip on the
drain side.

3 Jimenez J. Advanced Reliability Aspects of GaN FETs.
Presented at European Microwave Week (EuMW), 2010.
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Tsao et al. [35] confirms that the rather rapid
development of gallium nitride-based power amplifiers,
focused on high output power and efficiency, has created
a critical problem for temperature control of devices in
general. As a result of the thermal design and analysis of
transistors and MMIC based on thermal maps measured
by an infrared camera in continuous and pulsed modes
of operation, it was found that the thermal resistance
R, “junction-to-case GaN-chip” at DC operation is
1.63°/W, and in pulsed mode R, = 1.05°/W. Thus, it has
been experimentally proved that to ensure the required
reliability performance in the design of GaN MIC, only
a thermal model reliably confirmed by functional testing
should be used.

The presence of dislocation pits on the surface of
the initial substrate leads to the subsequent formation
of cracks [33]. Fine chemical treatment of its surface
leads to the elimination or, at least, to the reduction
of the formation of pitting. Foreign impurities
(contaminants) also stimulate the degradation
process. The double top layer of GaN (“cap”) over the
AlGaN barrier reduces the probability of subsequent
degradation. These phenomena, which reduce the
reliability of GaN HFETs, were taken into account in the
developments of Cree* (USA) and UMS’ (Germany)
when developing microwave GaN HFETs for space
applications [36].

The European Social Innovation Competition report
(European high-quality GaN wafers on SiC substrates
for space applications) reflects the following®:

e in order to improve the reliability and reduce
the stresses shown in Fig. 17, the aluminum
concentration in the barrier layer was reduced;
the 22-nm thick barrier layer consists of an
Al(16%)Ga(84%)N barrier and a 3-nm thick top
protective GaN layer;

e layer carrier concentration in the 2DEG channel
was slightly below 6 - 102 cm2 (Cree) and below
3 - 10'2 cm™2 (SiCrystal). These values are typical
values for HEMT structures with 18% Al (Cree) and
16% Al (SiCrystal) at 22-nm AlGaN barrier layer,
respectively.

e average curvature value is 10.4 pm, average bend
value is 4.96 um.

It was shown in [37] that ultraviolet (UV)
illumination very strongly reduces the breakdown
voltage in GaN-on-Si, but this effect is negligible
for GaN-on-SiC. Considering that the quality of the

4
5

www.wolfspeed.com. Accessed January 12, 2024.
www.ums-rf.com. Accessed January 12, 2024.

¢ Final Report Summary — EUSIC (High Quality European
GaN-Wafer on SiC Substrates for Space Applications). https://
cordis.europa.eu/project/id/242360/reporting/pl.Accessed
January 12, 2024.

grown material is quite good (which may not be the
case, especially for GaN-on-SiC), it can be assumed
that UV illumination causes electrons to split and
fall into traps due to the action of a field caused
by the inverse piezoelectric effect. Therefore, this
effect is more pronounced in GaN-on-Si due to the
larger number of traps. In addition, this is another of
the effects that confirm the correlation between the
magnitude of the breakdown voltage of GaN HFETs
and the number of traps in GaN, in other words,
between electrical degradation and physical
changes.

CONCLUSIONS

The strong electric fields present in GaN HFETs
result in thermal, physical and polarization phenomena
that degrade active element performance in the form of
reduced specific drain current and increase gate leakage
current and threshold voltage offset, as well as reducing
breakdown voltages and specific output power and
leading to lower reliability in general.

The redistribution of mechanical stresses in the
chip due to the high specific thermal loading of high-
power AlGaN/GaN transistors and consequent inverse
piezoelectric effect results in mechanical damage
of the structure and reduced reliability. However,
the presence of the field board and SiN layer can
reduce mechanical stress values in the gate region
by 1.3—1.5 times depending on the specific power
dissipated.

The degradation of GaN HFETs depends on the
actual power supply modes, input power level, and class
of operation of the amplifier. In this case, the thermal
degradation effects that are amplified in class AB mode
are more pronounced than the effects of strong fields in
class E mode. Therefore, in order to determine the MTTF
in practical microwave applications, GaN HFETs should
be characterized under the conditions of actual supply
voltages, microwave power, and the class of operation
of the power amplifier.

A sharp decrease in MTTF and rapid (within
a few hours) destruction occurs in contemporary
GaN-heterotransistors at junction temperatures greater
than 320-350°C.

While GaN HFETs have outperformed other
semiconductors currently used in industry (such as
GaAs, Si, InP, etc.) in terms of their technical and
performance characteristics, it is necessary to take
into account physical limitations in their design and
fabrication to eliminate the possibility of degradation
in operation due to the presence of the described
degradation mechanisms, as well as to control the
thermal and electrical modes of GaN HFETs in
operation.
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