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Electronics and Packaging Intended for Emerging
Harsh Environment Applications: A Review

Ahmad Hassan

Abstract—Several industrial applications require specific
electronic systems installed in harsh environments to perform
measurements, monitoring, and control tasks such as in space
exploration, aerospace missions, automotive industries, down-
hole oil and gas industry, and geothermal power plants. The
extreme environment could be surrounding high-, low-, and wide-
range temperature, intense radiation, or even a combination
of above conditions. We review, in this paper, the main lead-
ing applications that demand advanced technologies to fit the
unconventional requirements of extreme operating conditions,
discussing their main merits and limits compared to established
and emerging technologies in this field, including silicon (Si),
silicon on insulator (SOI), silicon germanium (SiGe), silicon
carbide (SiC) as well as III-V semiconductors particularly the
gallium nitride (GaN) semiconductor. In spite of successfully
exceeding extreme conditions borders by developing advanced
semiconductor devices dedicated for harsh environments, espe-
cially in high-temperature applications, the packaging challenges
are still limiting the reliability of the developed technologies.
Those challenges are examined in this review in terms of
limitations and proposed solutions.

Index Terms— Extreme environment semiconductors and
extreme environment packaging, harsh environment applications,
high-temperature electronics.

I. INTRODUCTION

T IS obvious that the conventional electronics technologies

are not appropriate choices to meet the full requirements of
harsh environment applications. For instance, when a satellite
is launched in space, it is exposed to an intensive flow
of ionizing radiation from the well-known radiation belts
“aurora borealis” and to the high-energy electrons and protons
produced by the sun wind and also to the earth’s magnetic field
effect [1]. Such complicated conditions can affect conventional
electronic systems and damage commercial electrical and
electronic devices built into the satellite [2].

To mitigate the effects of such harsh environments, the sys-
tems must be hardened to endure the expected impacts. This
can be done by changing the system architecture, by adapting
the design flow or the fabrication flow. Commercial off-the-
shelf (COTS) components are generally preferred to reduce
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design, certification, and fabrication costs. Indeed, a heavy
price tag is associated with hardening by process and harden-
ing by design. As systems built only with COTS components
may not have a sufficient reliability if exposed directly to
a harsh environment, their sensitive components can be pro-
tected in an enclosure that allows the system to withstand the
harsh conditions. For instance, an enclosure can provide ther-
mal isolation, heating, cooling, or protection against radiation
or corrosive gas or fluids. An enclosure can protect the core
of a system, but some components may have to support the
harsh environment as in the case of a rover designed for an
extraterrestrial mission that has many actuators and sensors.

Clearly, there are applications where parts of a system
must be designed to withstand a harsh environment, with key
electronic components having to sustain missions in extreme
conditions. For instance, in the case of a rocket launch,
the mission time can be measured in hundreds of seconds, but
the electronic must work as intended. Developing electronics
for some extreme environment implies that its essential func-
tionality must be maintained with a sufficient reliability, while
reducing its complexity, and ensuring safety or increasing
the efficiency of the complete system in addition to save
wiring and complex connection costs, particularly in sensitive
applications such as aerospace [3], [4] and down-hole oil and
gas industry, where the volume to put the electronic can be
severely limited and the safety requirements are very stringent.

In addition to electronic components, passive components
and packaging technologies can have significant impact on
the device functionality and system reliability. Therefore,
it becomes a must to discuss packaging limits and all
alternative solutions to overcome some harsh environment
application requirements.

Few review articles have discussed extreme environment
electronics and their applications [4]-[7] and some of them are
dating. In [5], the most known high-temperature applications
have been intensively discussed along with the implemented
electronics in such applications. But this paper does not cover
significant technologies useful for implementing extreme envi-
ronment electronics such as silicon-germanium and gallium-
nitride. Likewise, recent reviews [4], [6], [7] neither cover
all types of significant semiconductors nor discuss all harsh
environments other than the high-temperature applications
in addition to providing very limited information on high-
temperature packaging.

This paper first reviews various types of harsh environments
and related applications in Section II. The state of the art on
extreme environment electronics is presented in Section III,
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including advances and limitations of necessary passive com-
ponents and packaging utilized to build complete electronic
systems. Finally, conclusions are summarized in Section IV.

II. EXTREME ENVIRONMENTS

Some of harsh conditions environments are more chal-
lenging than others. Among the different types of extreme
conditions, the following are the most influential on the design
and implementation of electronic devices and systems.

A. Low-Temperature Environment

The commercial temperature range specification of CMOS
integrated circuits is from 0 °C to 485 °C, whereas the military
specification temperature range is from —55 °C to +125 °C.
In general, any temperature outside these ranges is considered
an extreme temperature environment. Temperatures below
those ranges are often called “cryogenic” due to the common
use of cryogen liquids to reach them.

Diverse applications mandate cryogenic environments oper-
ation such as superconductivity. Furthermore, many planetary
bodies impose cryogenic environments, like the poles of
Mars where the temperature drops below —143 °C in winter.
Moreover, deep space applications, such as electronic detectors
of the James Webb Space Telescope, operate at —246 °C.

Furthermore, in order to improve system sensitivity, diverse
types of electronic instrumentations demand cryogenic
temperatures as their operational temperature. Indeed, noise
in resistors and electronic devices decreases with temperature
and the dark current of diode detectors reduce exponentially
with temperature. Thus, cooled detectors are found in various
applications, such as in medical imaging instruments, high-
performance computers, satellite receivers, and astronomical
instruments.

B. High-Temperature Environments

On the other side of the extreme low-temperature
environments, extreme high temperatures surpass the standard
commercial and military temperature range of +85 °C and
4125 °C, respectively. Indeed, many industrial applications
require stable electrical and electronic systems for robust
operation at high temperature. Aerospace electronic systems,
automotive and on-engine electronics, as well as power elec-
tronics are important examples where operating temperature
ranges could extend up to 500 °C and even more if the
electronic could withstand them.

Energy exploration such as geothermal production wells
and oil and gas well drilling are major applications of high-
temperature electronics, where electronic systems must operate
at temperatures ranging between 250 °C and 300 °C [4].
In addition, some space exploration projects mandate
extremely high operating temperatures, which may
exceed 600 °C, such as the missions targeting the surface of
Venus.

C. Wide Temperature Range Environments

A classic example of an environment imposing wide ranges
of operating temperatures is the Moon, where its surface
temperature in straight sunlight surpasses +120 °C, while
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dropping below —230 °C during the night, especially inside
shadowed craters. The upper and lower limits of the temper-
ature range in such applications may not by themselves be
the worst factors to consider, but by the wide range covered
and the temperature cycles in which the system must operate
normally may be more harmful.

The rate at which thermal cycles occur may also be a signif-
icant issue and thermal shock can be far more challenging with
respect to long-term reliability when compared to high or low
fixed operating temperatures.

D. Radiation-Rich Environment

The three main categories of radiation effects are:
1) displacement effects where high-energy particles displace
atoms or nuclei; 2) ionization effects where the materials
are ionized when they are traversed by high-energy charged
particles; and 3) total dose that typically charges dielectric
causing cumulative parametric shifts that render a device
nonfunctional. Radiation-rich environments are mainly present
in space applications, nuclear power plants, and biomedical
instruments.

E. Multiextreme Environments

When more than one type of extreme environments is
present in one application, this situation will be called as multi-
extreme environments. It is actually the most prevalent case as
several harsh environments combine diverse types of extreme
conditions, such as extreme low temperature with extreme high
pressure or vibration, or extreme high temperature combined
with radiation-rich environments.

Back to the moon surface example, where low-temperature
conditions (—230 °C) combine with high temperature
(+120 °C) and radiation effects due to solar winds and
galactic cosmic rays, all these extreme environments must be
addressed at once.

These diverse harsh environments and the corresponding
applications stress the necessity of developing microelec-
tronic devices that can meet application requirements in the
expected environmental conditions. The following parts will
investigate the most known semiconductors dedicated to harsh
environments along with the corresponding limitations and
improvements done so far.

III. HARSH ENVIRONMENT ELECTRONICS

Billions of dollars are invested in the extreme environ-
ment electronic industries to spread outside the conventional
commercial and military electronics specifications. In 2005,
the high-temperature electronics market was estimated to be
around $17 billion [8]. As a definition, extreme environment
electronics are small volume systems with significant value-
added propositions that are extremely important for harsh
environment applications, but very costly to set and operate.

The following parts discuss the main existing electronic
devices, along with their functionality at extreme environment
conditions.

A. Silicon

Silicon-based microelectronic technologies are the most
common devices nowadays. Even though they are highly
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reliable in the majority of commercial applications, they
are limited when the ambient conditions extend outside its
normal temperature range from —55 °C to 4125 °C. Outside
this interval, temperature can have a brutal impact on the
transistor behavior. Once the surrounding temperature rises
to extreme high ranges, the energy bandgap of Si will drop
down while the carrier density, which affects the thermal
and electrical conductivity, exponentially increases, turning
from stable extrinsic region into the intrinsic region. Another
sensitive parameter affected by temperature variation is mobil-
ity, which determines the drift speed of a particle subject
to an applied electric field. Moreover, the current density,
carrier diffusion, velocity saturation, electromigration, leakage
current, threshold voltage, and interconnect resistance are all
significant mechanisms or parameters directly affected by
extreme temperatures.

Another set of considerations with Si-based platforms is
their sensitivity to radiation. Even though threshold voltage
shift with total dose is a dielectric volumic effect that had
reduced significantly with scaling, the subthreshold leakage
current is still seriously affected with deep submicrometer
technologies. More precisely, gamma rays, cosmic ray’s ions,
X-rays, neutrons, as well as high-energy electrons, and protons
have significant effects on electronic circuits operation that
can have major impacts on operating characteristics and may
induce failures.

The main basic concepts used to express and model the
interaction between Si devices and radiation are the total
ionizing dose (TID), displacement damage (DD), and single
event effects (SEEs). TID is the damage produced by ionizing
radiation over a time interval. Electron—ion pairs are generated
by this ionizing radiation inducing trapped charges which,
in turn, produce transient and long-term effects, in addition
to changing threshold voltage and current leakage path. The
DD, which is resulted by heavy ions, alpha particles, protons,
neutrons, and very high-energy photons, can modify the con-
figuration of the atoms in the semiconductor. It may provoke
a permanent damage augmenting the recombination centers
number and lowering the minority carriers. SEE is caused by
high-energy particle passes through a semiconductor keeping
an ionized path behind. When this charge moves, it might be
collected to another charge resulting in serious effects starting
by a bit-flip and ending by tragic burnout.

B. Silicon on Insulator

Silicon-on-insulator (SOI) technology is an advanced alter-
native option of the silicon CMOS technology to mitigate the
drain induced barrier lowering and restrain charge sharing and
fringing field effects especially for the short-channel CMOS
platforms and more precisely in 45- and 65-nm technologies.

SOI is mainly dedicated for aerospace and military appli-
cations exploiting its rigidity against the extreme temperature
and radiation environments. Nowadays, it is more accepted as
a commercially available technology.

SOI CMOS family is the most mature approach using
traditional silicon process but includes an isolation process
to ultimately reduce the leakage current at high tempera-
ture. Comparing to the conventional p-n junction isolation
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in Si CMOS technology, a silicon dioxide layer surrounds
each SOI transistor giving an excellent electrical isolation
characteristic even at high-temperature conditions [9].

Consequently, SOI CMOS device was successfully imple-
mented to serve a universal gate driver circuit at temperature
higher than 200 °C [10] and utilized in voltage reference
circuit (shown in Fig. 1) for a range of temperature
between —40 °C and 200 °C under total radiation dose
of 1 Mrad [11]. In addition, Honeywell investments in high-
temperature SOI electronics introduced several products and
processes such as opamps, voltage references, voltage regula-
tors, analog multiplexors, A-to-D converters (shown in Fig. 2),
digital gate arrays, static random-access memory, 8-bit micro-
processor, and clock interfaces [12] with endurable tempera-
ture exceeding 200 °C.

Another advantage of SOI appears in the omission of par-
asitic area junction capacitance and the decrease of crosstalk
between digital and RF circuitry, in addition to the adequacy to
integrate passive elements on-chip with high accuracy profiting
from the large substrate resistivity. Other merits for the SOI are
the reduction of a reverse body effect in stacked circuits and
the junction of the floating body with source and drain is
usually forward-biased.

The SOI flexibility with the radiation is returned to its
geometric constrains limiting the volumes of active silicon
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TABLE I
PROTECTION TYPE OF PRESENTED SOI AND SIGE DEVICES

Reference Protection
[10]

[12]

Device

Ceramic package + Polyimide test board
Ceramic package + Al-wire bonding + Au-
plate + Ni-bond pad
N/A
Multi-chip Module Packaging: Al,O5
pacakge and lid, AIN substrate, Cu
metallization, Au wire bond, In/Pb lid seal,
polyimide and Cryogenic ribbon cable
N/A
Ceramic flat package
PC board sandwiched in between two gold
plated brass carriers with the IC mounted in a
VIA hole to minimize bond wire lengths
Simulation
Custom-designed, on-wafer, open-cycle
liquid nitrogen (LN2) probe station
N/A’: Not mentioned in the related reference

SOI

[11][13-14]

[15][18][21]

[19-20] [24-25]
[22]

SiGe
[23]

[26]
[27]

regions with the radiation energy ionization and deposition,
and the limited communication of deposited charge between
the devices.

SOI metal-semiconductor  field-effect  transistors
(MESFETsS) are a different approach for the SOI technology
which is also developed to support the extreme environment
applications covering a wide range of temperature between
—180 °C and 4300 °C and enduring intense radiation dose as
shown in Fig. 3(a) and (b), respectively [13]. The MESFET
implementation, as shown in Fig. 4, requires a Schottky
barrier which is composed of the silicide step providing the
low resistance source—drain contacts. The gate silicide is
isolated from the source—drain silicides by space regions of
length L,s and L,p [14]. The silicide—silicon interface has
the advantage of being extremely stable up to relatively high
temperatures. Table I shows the utilized protection in each
presented SOI devices [10]-[14].
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The insulating regions of SOI are mainly achieved by
Si0, deposits. Regretfully, this isolation layer has a thickness
more than that of the gate itself and suffers a charge trap higher
than the highly optimized gate stacks resulting in radiation
responses by these isolation regions. To clarify this, the buried
insulating oxide and associated TID for a thin SOI device
can be represented as a secondary gate. This secondary gate
modulates a pseudochannel at the bottom of the transistor
producing backside leakage current or attaches to the top
surface channel by electrostatic force modifying the transistor
threshold voltage. Moreover, even for the modern SOI technol-
ogy such as vertically stacked structures and multigate which
are intended for harsh environments, the parasitic effects have
significant impacts.

C. Silicon Germanium

SiGe is a BiCMOS technology implemented by adding
heterojunction bipolar transistor (HBT) to Si CMOS platform.
This implementation advocates the functionality of highly
integrated system performing a mixed-signal technology which
is qualified by its high-performance feature for RF, analog,
and microwave circuits. The most preferable SiGe approach
for extreme environment applications is the complementary
SiGe BiCMOS on a thick-film SOI substrate to perform noise
isolation which presents a critical topic in various analog and
mixed-signal systems.

With decreasing temperature, the Si bipolar junction tran-
sistor (BJT) device suffers from degradation in the turn-
ON voltage junction, base resistance, current gain, frequency
response, cutoff frequency, and delay in digital circuits. Unlike
the Si BJTs, the cooling impact (low-temperature environment)
on SiGe HBT device is favorably improving its dc and ac
properties [15]. A simple check of the SiGe HBT device
equations shows the improvement in the transconductance,
current gain, cutoff frequency, maximum frequency, and
broadband noise [16], [17].

In fact, despite the performance degradation of Si BJTs
in cryogenic conditions, the addition of SiGe dramatically
changes the situation. The bipolar transistor properties will
be strongly coupled to the band-edge effects induced by
bandgap engineering. Physically, the minority carrier of bipo-
lar transistor is the reason of this strong coupling which
implies in terminal currents proportional to the intrinsic carrier
concentration (nizo) through the Shockley boundary conditions,
and in turn, nl.zo is proportional to the exponential of the
bandgap. Therefore, the currents will be coupled exponentially
with any changes to the bandgap [15].

Moreover, from general mechanical considerations, these
bandgap changes will be automatically divided by the thermal
energy (kT), which means that a reduction in applied temper-
ature will considerably increase any bandgap changes.

Consequently, SiGe HBT device equations inspire that both
ac and dc properties are favorably influenced by cooling.

Comparing the equations of a SiGe HBT to a comparably
constructed Si BJT, the thermal energy (k7) is arranged to
favorably affect the low-temperature properties. For example,
the following equations show with decreasing temperature
a quasi-exponential increase in the current gain [f(T)] of
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All those improvements in the performance properties of
SiGe HBTs with cooling have been confirmed experimentally.
An extensive discussion with detailed analysis concerning the
presented equations can be found in [18].

On the opposite side of cryogenic conditions, the high-
operating temperature has a degradation effect on both
dc and ac performance of SiGe HBTs. However, the degree of
this degradation is a matter to be discussed and investigated.
Accordingly, SiGe HBTs commercially available with current
gain above 100 and cutoff frequency of 75 GHz normally
operate at 300 °C [19]. In addition to the robustness of
SiGe HBT device at extreme low and high temperatures, the
durability of this device in radiation environment has been
investigated as well [20] showing a favorable built-in TID great
tolerance as presented in Figs. 5(c) and 5(d).

SiGe HBT, illustrated in Fig. 5(a) with its unique bandgap
properties, presents a significant process for the extreme envi-
ronment applications. The latter can be classified as following:
extreme high-temperature conditions exceeding 300 °C as
characterized in Fig. 5(b), extreme low-temperature environ-
ments lower than —200 °C (Fig. 6) [15], wide and cyclic
temperature intervals such as the lunar surface temperature
between —230 °C and +120 °C, and finally the intense
radiation environments.
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As an example, the work in [21] was supported from
NASA Exploration Technology Development Program to
develop a remote electronics unit system based on SiGe
HBT. The implemented remote sensor interface is depicted
in Fig. 7. The implemented system was tested under
cryogenic temperature less than —173 °C, 100-krad TID
radiation exposures and at high temperature of 125 °C.
Therefore, SiGe HBT is capable to satisfy the electronic
requirements of all the preceding extreme environment
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6
TABLE II
COMPARISON OF SELECTED SEMICONDUCTOR
MATERIAL PROPERTIES [28]
Property Silicon | GaN | 4H-SiC| 6H-SiC|3C-SiC
Bandgap energy (ev) 1.1 3.4 32 3.0 23
Relative dielectric constant 11.9 9.5 9.7 9.7 9.7
Breakdown electric Field
at Np = 10'7 cm™ (MV/cm) e 2 3 32 L
Intrinsic carrier R 1010 “1010 | ~107 “10° -10
Concentration (cm™)
Electron mobility at
Nb =10 em? (cm?/V.s) 1200 900 800 60- 400 | 750
Hole mobility at
No = 10 cni? (cm?/V.s) 420 200 115 90 40
Saturated electron velocity (107 cm/s) | 1.0 2.5 2 2 2.5
Thermal conductivity (W/m.K) 150 130 400 480 500

conditions by slight process modifications providing consider-
able benefits regarding the weight, size, and power constraints.

Moreover, in [22] and [23] SiGe devices have been utilized
to implement voltage reference and LNA circuits, respectively,
for cryogenic applications. Similarly, a wide-range temperature
test (from —180 °C to 120 °C) has been successfully applied to
analog-to-digital converter [24] and digital-to-analog converter
[25], respectively.

Diverse generations of SiGe are nowadays widely spread
in the commercial communities with tens of fabrication com-
panies. The frequency capability of available SiGe HBT is
between 50 and 200 GHz. Recently, 90-nm SiGe BiCMOS
technology was presented in a comparator circuit for
wide temperature range application between —195 °C and
—155 °C [26], and a fourth generation of this device is imple-
mented in [27] for RF applications at cryogenic temperature
exceeding —195 °C. Table I shows the utilized protection type
in each presented SiGe device [15], [18]-[27].

D. Silicon Carbide

For the moderate intensity of extreme environment
applications, the standard Si platforms, SOI and silicon
germanium (SiGe) present suitable choice to be applied and
cover the electrical and electronic requirements. However,
when the surrounding conditions attain extremely harsh condi-
tion environment, the preceding semiconductors are no longer
useful, and an alternative advanced semiconductor generation
should be developed such as the silicon carbide (SiC) to fit
the excessive environment requirements.

SiC is composed of numerous types of crystal struc-
tures, named polytypes. However, there are just three types
commonly accepted as an electronic semiconductor, which
are 4H-SiC, 6H-SiC, and 3C-SiC. Table II presents the most
important electrical properties of these types compared with
GaN and silicon [28]. The wide bandgap energy along with
the high breakdown electric field is the two essential advan-
tages of SiC over silicon semiconductor. Holding a very low
intrinsic carrier concentration and a wide bandgap (same as the
GaN device mentioned in Table I) nominates the SiC to join
the team of extreme high-temperature semiconductors, giving
the capability to operate theoretically at high temperatures
up to 800 °C. It is experimentally proved that SiC devices
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can successfully operate for a limited time (few hours)
at 600 °C [29].

Furthermore, SiC possesses a high-power density and effi-
ciency due to its high-thermal conductivity along with the
high-breakdown electric field and high-junction temperature.
By these properties, SiC power converters have higher switch-
ing frequency implying to smaller transformers, inductors
and capacitors reducing size, cost and weight of the power
converters, and diminish the heat generation and energy loss.
Various approaches of SiC have been developed to achieve
a high performance and stable operation against the extreme
conditions existed in harsh environments.

The main developed SiC approaches are SiC metal-oxide—
semiconductor field-effect transistor (MOSFET) (Fig. 8) [28],
MESFET, junction filed effect transistor (JFET), and BIJT
semiconductors (Fig. 9) [30]. The latter is mainly developed
for high-temperature applications more than 300 °C.

As shown in Fig. 10(a), a packaged 6H-SiC JFET is tested
for 10000 h at 500 °C operational temperature measured at
start (gray curve) and end (black curve) in air atmosphere.
In Fig. 10(b), an experimental measurement of 6H-SiC JFET
NOT gate IC test waveforms shows that the similar output is
obtained at 25 °C and at the start (1 h) and end (3600 h) of
prolonged 500 °C operational testing in air atmosphere [31].
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Fig. 11. SiC JFET-based circuit schematic of wireless sensing module for
pressure and temperature measurement [36].

Generally, because of its low power consumption circuit,
SiC-based CMOS may eventually become the principle type
of SiC technology dedicated for harsh environments if the gate
insulator durability and reliability issues can be overcome.

Until SiC designers sufficiently cope with the gate insulator
challenges, SiC BJT-, MESFET-, and JFET-based IC technolo-
gies present a direct approach to fit the extreme environments
demands. As an example, the NASA Glenn Research Center
has successfully approved the durability and prolonged stabil-
ity of SiC JFET development at 500 °C ambient temperature
for continuous thousands of hours with experimental measure-
ments on amplifier stages and logic gates [32].

Moreover, several studies and implementations have been
done recently for SiC semiconductors such as in [33], where
17 samples of integrated circuits were successfully tested
at 300 °C. The simulation results in [34] of 4H-SiC bipolar
logic families are promising for operational temperature
of 500 °C. In [35], a SiC CMOS comparator and op-amp are
implemented and tested at 550 °C. Similarly, 4H-SiC JFET
is characterized at 600 °C [29] and a wireless RF transmitter,
as shown in Fig. 11, based on SiC technology was developed
in [36] to serve pressure and temperature sensor systems at
high-temperature applications exceeding 450 °C. Several logic
gates have been implemented and tested in [37] at 250 °C
based on MESFET SiC and a linear voltage regulator circuit
based on SiC MOSFET device has been tested at 300 °C [38].
For intense-radiation applications, the impact of electron and
proton irradiations on 4H-SiC MOSFET was investigated
in [39], where the SiC device shows remarkable improvements
in terms of electrical parameters after 15-MeV electron and
5-MeV proton irradiations.

On the other hand, and to date, there is no existence of
a commercial SiC semiconductor transistor or IC that can
be utilized in an ambient temperature more than 300 °C.
Although over the last decade the improvement of SiC pro-
totypes achieve an advanced stage, it remains a difficult
challenge to reach long-term operational reliability for extreme
temperature circuits and devices, especially regarding the
reliability of contacts, passivation [40], interconnect, and pack-
aging. Therefore, seemingly, the SiC technology will be solely
dedicated for space applications where it is not possible for
existing technologies to take place due to the extremely harsh
environment condition. On the other hand, in the case of lower
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Fig. 12. (a) Bandgap energy versus lattice constant [41]. (b) Cross-sectional
structure of a GaN HEMT [42].

extreme environments (means less than space application), it is
more effective to use the other existing technologies which are
less expensive and more mature than SiC device especially
in the low-power signal processing and digital logic circuit
functions.

E. Gallium Nitride

To overcome several limitations in conventional low-
bandgap semiconductors, new generations of semiconduc-
tors have been innovated combining column-III elements
with nitrogen providing IIl-nitride materials such as
indium nitride (InN), aluminum nitride (AIN), and gallium
nitride (GaN), in addition to their alloys such as InAIN,
InGaN, AlGaN, and AlInGaN. Fig. 12(a) shows that
III-N semiconductors have wide ranges of bandgap energy
ranged between 0.7 (with InN) and 6.2 eV (with AIN) [41].
However, the majority of III-nitride pursuing studies have been
focused on GaN and its relatives such as AlIGaN and InGaN.

Considering the high-voltage operation capabilities and low-
resistive loss, GaN platform is nominated to be an appropriate
candidate for power amplification and switching applica-
tions with wide operational temperature range. Moreover,
GaN materials are obtainable with high quantity which makes
this technology on the top of the investigation research list and
puts it in the hot spot of promising engineering fields develop-
ment. Taking into consideration the fabulous polarization field
characterization of GaN material, modern valuable designs are
easily obtainable.

In spite of the GaN technology has ensured its validity in
the harsh environments especially the high-temperature appli-
cations, there are still many hurdles put off this technology
to become on the successful commercialization map. Thermal
management, manufacturing cost, wafer level uniformity, and
reliability improvement are a bunch of these road blocks. Nev-
ertheless, GaN high-electron-mobility transistors (HEMTs)
have demonstrated their feasibility in microwave power ampli-
fiers and many commercial products of wireless communica-
tion systems.

More deeply, when 2-D electron gas (2-DEG) is composed
in a quantum well into the semiconductor structure, the attrac-
tive carrier transport mechanisms are reached. This cannot be
happened unless in lateral devices like the power device GaN
HEMT illustrated in Fig. 12(b) [42]. This characteristic is
demonstrated in GaN devices, unlike the silicon and SiC power
devices with vertical characteristics.
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Fig. 13. DHBT grown on a GaN substrate. (a) Gummel plot. (b) Common-
emitter characteristic [45].

Furthermore, it becomes rare to hear a discussion about
power devices and extreme environments without the presence
of GaN wide bandgap technology. In addition, the major
trends of nowadays semiconductor studies are focusing on this
GaN mature technology to go beyond the conventional silicon
limits and perform a novel platform with higher operable
blocking voltage, wider range of operational temperature and
better energy conversion efficiency [43], [44]. Therefore, it is
anticipated that GaN technology will attract more interests
and open wide opportunities to develop the next generation
of microelectronic systems.

Because of the difficulty to provide high quality GaN
substrates, different types of starting substrates have been
employed to build the GaN devices. For instance, it is com-
mon to find GaN platforms are established on a substrate
made of silicon (GaN on Si) or made of silicon carbide
(GaN on SiC), or even sapphire substrates.

In order to assess the behavior of GaN with high-
temperature conditions, a large area device of 40 x 40 um?
of double heterostructure bipolar transistor (DHBT) has been
studied in [45] at room temperature and high ambient tempera-
ture. Fig. 13(a) shows the current gain reduced from 115 to 43
when the temperature increases from 25 °C to 250 °C due
to the /p increment. This current gain reduction is referred
to the increased recombination rate of trap state [46], [47]
and the reduction of emitter injection efficiency. This reduc-
tion of emitter injection efficiency is due to the enhanced
Mg ionization efficiency which in terms introduces to higher
concentration of free hole in the base [45].

The common-emitter Ic-Vcg curves are shown in
Fig. 13(b), where a reduction is happened to the knee voltage
from 5.2 to 2.75 V with temperature rising from 25 °C
to 250 °C, respectively, when the Ip = 500 pA. In parallel,
the offset voltage also drops from 0.8 to 0.3 V for the same
increasing of temperature.

The knee voltage and the offset voltage reduction are
due to decreasing of base resistance at high temperature.
The inset of Fig. 13(b) exhibits the temperature-dependent
BVcEeo (common-emitter collector breakdown voltage) which
augments from 90 to 157 V when the temperature increases
from 25 °C to 250 °C, respectively. The increasing in tem-
perature coefficient is attributed to the prevalent impact of
the ionization process for GaN/InGaN HBTs. In parallel,
another research investigating the feasibility of AlGaN/GaN
HBTs at high temperature reports a current gain of 3 for
high temperature of 590 °C [48]. All these reported results
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Fig. 14.  Schematic of GaN HFET-based digital circuits. (a) Comparator.
(b) Inverter block used in ring oscillator [55].
TABLE III
EXTREME ENVIRONMENT SEMICONDUCTORS COMPARISON
Extreme environments electronics
Tech. | High temp. | Low temp. | Intense Rad. | Availability
Si - + - +
SOI 4 3 4 4
SiGe + ++ ++ +
SiC ++ + ++ -
GaN ++ ++ ++ -

emphasize the susceptibility of GaN microelectronic devices
to operate properly under high-temperature conditions.

The radiation effect on commercial GaN HEMT devices has
been studied in [49] where no significant amount of degrada-
tion was reported. The effect of radiation-induced damage on
AlGaN/GaN electric field has been simulated after applying
proton irradiation [50]. On the other hand, InAIN/GaN HEMT
shows promising characterization results at 1000 °C [51] and
600 °C with ultrathin body technology [52].

An integrated inverter based on enhanced mode MOSFET
and depletion mode GaN devices has been characterized from
temperature room to 300 °C [53] and a novel AIN/GaN
integrated circuit is presented in [54] with operational
temperature of 500 °C. In [55], a 31-stage ring oscillator, fre-
quency dividers, several logic gates, and a comparator (shown
in Fig. 14) have been implemented based on GaN/AlGaN
HFET device and tested at 300 °C.

Table IIT provides a summary for the developed extreme
environment electronics technologies so far, and Table IV lists
the main foundries where the discussed harsh environment
devices and implemented circuits were processed. As it is
shown, standard silicon is only suitable for low-temperature
applications. However, the SOI is better for intense radiation
environment. SiGe is mostly appropriate for low temper-
ature and intense radiation application. SiC and gallium
nitride (GaN) are great candidates for all the extreme envi-
ronments; however, they are still not commercially available.

F. Contacts

The conductive contacts functionality at high temperature
is not less important than that of semiconductor itself. The
reliability of contacts metallization and interconnects between
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FOUNDRIES OF HARSH ENVIRONMENT ELECTRONICS Diffusion barrier
Reference | Tech. Foundry Type Contact
[9] [15] SOI Honeywell CMOS 0.8um
[10] SOI N/A 0.8um BCD on SOI process Semiconductor
[11] SOI N/A CMOS 0.13um
[13] SOl N/A MESFET 0.6um Fig. 15. Proposed structure for making contacts in high-temperature devices.
[14] SOI N/A MESFET 0.15um
[17-20] | SiGe IBM SiGe HBT
21] SiGe NASA SiGe HBT and SiGe Comparing with Al, gold is more resistant to electromigration.
BiCMOS However, it alloys with diffusion barrier and adhesion layer
[22] SiGe IBM 0.12um SiGe BICMOS8HP | 4t high temperature causing a large increase in resistance
5:32} :g: I\}‘E;A 902;2“5;(35;(}}1‘?3?%%&50 S and consequently affects the device and circuit performance.
28] Sic Croe Inc. 4H.SiC JFET In parallel, tungsten is much more resistant to electromigration
[30-31] SiC NASA 6H-SiC JFET than Al and used as a conductor.
[29] SiC GE 4H-SiC BIT Another critical issue at high temperature is the failure
[32] SiC Raytheon 4H-SiC CMOS possibility of interface between different materials due to
[34] S%C Raytheon 1.2um SiC CMOS diffusion, chemical reactions, and other metallurgical reac-
133] Sic A SICJFET tions. Consequently, there is a need to develop thermody-
[38] SiC N/A 4H-SiC MOSFET > Y e )
36] SiC Cree Inc. SiC MESFET namically stable interfaces. In addition, mechanical stresses
[37] SiC Cree Inc. 4H-SiC MOSFET could be applied to the interfaces because of thermal expan-
[44] GaN N/A GaN/InGaN DHBT sion coefficient mismatches. Also, at extremely high-operating
[47] GaN N/A_ AlGaN/GaN HBT temperature (>600 °C), it would be necessary to take into
[48] GaN Crzihsgﬁ%mo GaN HEMT consideration the degradation of p-n junctions and diffusion
50] GaN TII-V Lab 0.25um InAl/GaN HEMT of dopants.
[51] GaN 11I-V Lab 0.25um InAIN/GaN HEMT The interface stability issue has been solved by utilizing
[52] GaN N/A GaN MOSFET HEMT layers of materials. It is done by adding the ohmic and
[53] GaN N/A AlInN/GaN HFET Schottky contacts to the semiconductor devices, followed
[54] GaN HRL Lab AlGaN/GaN HFET

*N/A: Mainly indoor fabrication or unknown

the on-chip devices presents a substantial challenge for devices
dedicated to operating in high-temperature conditions partic-
ularly for applications beyond 400 °C. The generated self-
heating during operation in addition to the surrounding high
temperature provoke contact degradation and limit the long-
term reliability of these devices.

One of the notable failure mechanism at high temperature
is the electromigration process, where the current flowing
into a conductor conducts to a bulk motion of the material
and leads to open circuit. Depending on the current density
and temperature, the time to failure for a conductor can be
described by Black’s equation

trait = Aj "B/ ®)

where g, is the mean time to failure, A is the specific
coefficient of a metal process, j is the current density, n is
a coefficient typically between 2 and 3, and E,, is the thermal
activation energy. As noticed from the equation, the life time of
conductor is quickly decreasing with function of temperature
and current density. The current density should be addressed
by designers to limit it. On the other hand, for operating
temperature more than 200 °C, the reliability issue of devices
and corresponding conductors must be addressed.

Aluminum conductor is widely utilized in Si chips; however,
it fails for temperature above 200 °C due to electromigra-
tion after few thousand operating hours and above 300 °C
in hundreds of hours. In GaAs circuits, gold is commonly
used with need of burrier metals and adhesion layers.

by a diffusion layer to separate the contacts from the high
electrical conductive interconnect layer as described in Fig. 15.
The contact material, such as silicide, should ensure the
completion with the semiconductor and maintain relatively
high electrical conductivity. The diffusion layer must be inert
to the interconnect metal and to the contact. The way of
preparing this layered structure (contact—diffusion barrier—
interconnect) is as important as the choice of the materials.
The utilized processing techniques has a direct impact on the
metallurgical properties, which in terms affect the diffusion
rates and intermetallic formation due to chemical reactions
between the layers. For devices operating at extremely high
temperature, one of the main challenges is to develop such a
stable structure of multilayer metallization systems.

Great efforts have been done toward developing ohmic
contacts to SiC for high-temperature applications. In [56],
TiW-based contacts with aluminum interconnect was success-
fully tested over 500 h at 400 °C. Similarly, Ti/TaSi>/Pt
multilayer contact to n-type SiC shows stable ohmic properties
for 1000 h of annealing at 600 °C [57]. More studies are
necessary to obtain similar results for p-type SiC.

Ti/Al/Ni/Au low resistance ohmic contact has been studied
in [58] between 25 °C and 600 °C for n-type GaN. On the
other hand, the Schottky contact of n-GaN Ni/Au, Ni/Pt/Au,
Pt/Ni/Au, and Pt/Ti/Au has been investigated in [59] up
to 400°C. In parallel, a novel Mo/Al/Mo metal stack is
introduced in [54] to improve the robustness of ohmic contact
at high temperature reaching 500 °C. A high-k dielectric is
deposited to provide Schottky contact showing stable dielectric
permittivity through wide temperature range in addition to the
decreasing of the breakdown voltage and leakage current.
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Fig. 16. (a) Modeled versus measured data for MIM capacitors [62].
(b) Resistance versus temperature range [63].

Military passive components operable temperature range
is usually from —55 °C to 4125 °C. The measurement of
variation in component value is commonly reported by temper-
ature coefficient in ppm/°C. The discrete passive components
performance was characterized at extreme low temperature.

TABLE V
CONTACTS AND METALLIZATION TYPES OF PRESENTED DEVICES
Device Reference Interconnect and contact
[10] Oversized interconnect + multiple pad
SOI connections +N/A
[11] N/A
[12] TiN/Al
[13][14] Silicon/silicide/metal
SiGe | [15][18-24][26- N/A
27]
[25] n-well and p-sub contacts
SiC [28] [34-36] [38] N/A
[40
[29] Ti/Ni/TiW/Cr
[30] Ti/Al/Ti/Au
[31-32] TaSi,/Pt
[33] P-WELL contacts
[37] Ni/Ti/W/Ti/Ti/Al (ohmic contact) +
W/Ti/W/Ti/Ti/Al (gate contact)
[39] Ni (ohmic contact) + Al (gate contact)
[42-44] [46-47] N/A
GaN [49-50] [53] [55]
[41] Ti/Al (ohmic contact) + Ni (gate contact) +
Ti/Au (interconnect layer)
[45] Ti/Al/Ti/Au (emitter and collector contacts)
+ Ni/Au (base ohmic contact) + Ti/Au
(interconnect layer)
[48] Pd/Au (p-type layer) + Al/Au (n-type layer)
[51] Ti/Al/Ni/Pt (ohmic contact) +Mo (gate
metal)
[52] Ti/Al/Ni/Cu/Ti/Pt (ohmic contact) +
Cu/Pt/Cu/Ti/Pt (gate metal)
[54] Ti/Mo/Al/Mo/Ni/Au (ohmic contact) +
Ti/Ni/Au/Ni (interconnect)

N/A’: Type not mentioned in the related reference

Due to the difficulties of realizing conductive p-type
GaN layers, obtaining highly stable contacts of this material
presents as serious challenge so far. In addition, more studies
are still needed to investigate the reliability of GaNs ohmic
contact in presence of electromigration and chemical reactions
with applied electrical bias at oxidizing high temperature more
than 400 °C. Thus, radical challenges in GaN contacts must
be surmounted to enable this device to support long-term
operation in real environment and at high temperature more
than 600 °C.

Table V summarizes the utilized contacts and metallization
systems of the presented harsh environment devices in
Sections III-B-III-E (SOI, SiGe, SiC, and GaN).

G. Passive Components

The microelectronic devices dedicated for operating in
extreme environment conditions have been developed to sus-
tain such harsh conditions, such as SiGe technology for
cryogenic conditions, SiC and GaN for high-temperature
applications, and SOI for an intense radiation environment.
These pioneering technologies support the transistor level of
microelectronic systems to endure the harsh environments,
while the integrated passive components are not well designed
for such extreme conditions. Therefore, it is deeply needed
to investigate the passive components responses with the
variations of applied environment conditions.

It was noticed that commercial components suffered significant
variations in value when the temperature falls below —50 °C.
However, similar studies confirmed the capability to pro-
vide discrete passive components able to operate successfully
at —200 °C [60].

On the other hand, the on-chip passive components
integrated on silicon platforms have low temperature
operation limits as well, where the minimum temperature of
Mil-Spec range is only —55 °C. However, different related
studies [61] have successfully performed a wide range of
operational temperature (from —180 °C to +120 °C) for
integrated passive components.

Similar study on monolithic MIM capacitors investigates
their behavior for wide temperature range (from —173 °C to
+177 °C) [62]. Fig. 16(a) shows a linear relation between
the capacitance values with the temperature variation. The
total chance of capacitance across the full 350 °C temperature
range is about 10%. In another research [63], the impact
of temperature on both polysilicon and diffused resistors
has been investigated. As shown in Fig. 16(b), it is noticed
that the polysilicon resistors have a negative temperature
coefficient which differs with doping type difference. On the
opposite side, the diffused resistors have a positive temperature
coefficient. Recent review [4] summarizes the available high-
temperature commercial capacitors with temperature limit
of 260 °C and commercial resistors with 350 °C.

Another important integrated passive component to be
investigated and study its response with the temperature vari-
ation is the inductor. Several researchers examine the effect
of temperature on both inductance and quality factor (Q) of
monolithic inductors [64]. A slight variation of inductance in
terms of temperature range from —55 °C to +125 °C for an
on-chip spiral inductor printed in a SiGe platform has been
revealed as shown in Fig. 17(a), whereas Fig. 17(b) indicates
an improvement in Q along with the decreasing temperature.
The latter has been confirmed by modeled and measured tests.

A discussion of the strong temperature dependence of
Q explains the two mechanisms at work. The aluminum
metallization of the inductor has a positive temperature coef-
ficient of resistance, which makes the inductor loses more
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TEMPERATURE LIMITATIONS FOR VARIOUS
WIRE AND PAD METALLURGIES
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Fig. 17. (a) Measured inductance versus frequency. (b) Modeled and
measured Q versus frequency [64].

as temperature increases, but the substrate resistivity also
increases with temperature, resulting in less substrate loss.

For the applications beyond the 250 °C step, most of the
commonly used soft magnetic cores become paramagnetic
where the inductors lose their magnetic properties. Therefore,
new ferrite materials have been developed with Curie temper-
ature more than 350 °C to overcome this issue [65].

The radiation studies are mainly focusing on microelec-
tronic devices such as CMOS and bipolar transistors. However,
less effort has been applied to investigate the impact of
radiation on the passive components usually connected with
the active devices and significantly affect the functionality of
overall microelectronic system. The radiation effects, as men-
tioned before, can be distributed into three main phenomena:
TID, DD, and SEEs. The passive components have no response
for the TID due to the absence of the sensitive regions.

Nevertheless, the TID damage may appears as an incre-
ment of substrate coupling from the layers under the induc-
tor, or as a deteriorated MIM capacitor dielectric. DD can
affect the passive components by changing the resistivity of
a resistor or modifying substrate coupling of an RF inductor.
To quantify the impact of TID and DD on on-chip passive
components, several studies have been done by exposing the
passive elements to high proton flow [66]-[68]. The results
of these studies indicate negligible variations in the passive
elements values.

Regarding the SEE effect on the passive elements, a CMOS
capacitor could be ruptured (fatal event), or charge might be
added to a diffused region of a resistor by an ion strike with
enough energy. Several studies have been performed to exam-
ine the influence of SEE on the passive elements [69]-[72].

H. Packaging

The electronic single chip and multichip packaging includ-
ing the electrical, thermal, mechanical, and physical imple-
mentation have many serious challenges when the packaged
electronic system is dedicated for extreme environments, espe-
cially extreme temperature applications [73]-[75].

For the low-temperature electronics, the variation of mate-
rial characteristics is the principal defy of packaging. For
example, the modulus of elasticity is increasing for poly-
mers and metals, the coefficients of thermal expansion (CTE)
are decreasing, the elongation is decreasing for metals and
polymers, the phase transitions in metals and solders are
affected, and the thermal conductivity for metals and ceramics
is increasing [76].

Certain studies have been performed to investigate the
reliability of thin-film multichip and chip on board packaging
devoted for extreme low and wide range temperature appli-
cations (from —180 °C to 4125 °C) [77]-[79], evaluating
the materials of substrates, die attach, encapsulant, and wires.
It is needless to say that the low-temperature packaging is a
specialized domain limited in information and still need more
investigation about the appropriate materials and reliability of
different packaging approaches.

On the other face of extreme temperature applications,
the high-temperature electronics packaging has faced several
serious challenges like the melting of solder alloys, damage
and cracking due to the CTE differences, polymeric mater-
ial decomposition, diffusion, and intermetallic formation and
creep.

The substrate, die and substrate attach, wire bonding, and
packages are the principle sections of the packaging procedure.
The recommended substrate types for high-temperature con-
ditions are printed circuit board based on polyimide laminates
to sustain a temperature of 250 °C, thick film substrates using
Al,O3 with maximum endurable temperature of 500 °C [80]
and thin film substrates with highest affordable temperature
of 300 °C [81] based on SizN4 and aluminum nitride (AIN).

Other substrate types dedicated for high-temperature oper-
ation are the low-temperature cofired ceramic achieving
300 °C [82], high-temperature cofired ceramic exceeding the
gate of 225 °C [83], and copper foil on ceramic [84], where
the researchers have demonstrated direct bond copper on
aluminum oxide (Al,O3) for steady operation at 400 °C.

Regarding the die and substrate attach materials, we can
include five main categories dedicated for high-temperature
environments: the polymer attach materials reaching maximum
temperature of 250 °C [85], Ag-glass with similar endurable
temperature as well [85], solders and brazers where high-
temperature soft solders at 200 °C have been evaluated suc-
cessfully [86], and thermal cycling in the range from +40 °C
to 400 °C shows cracking within the braze layer [87], transient
liquid phase bonding with capability to reach 500 °C [88], and
sintered nanoparticles capable to sustain 175 °C [89].

The wire-bonding materials for high-temperature conditions
are mainly Au, Al, Pt, and Ni. The temperature limitations of
several wire combination and pads are listed in Table VI and
Al wiring to thick film Au is evaluated in [90] at 300 °C.
Au and Pt wire bonding materials are investigated in [91]
at 500 °C.

The packaging materials used in consumer applica-
tions are mainly plastics with endurable temperature less
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TABLE VII
PACKAGING MATERIALS AND THEIR TEMPERATURE LIMITS
Substrate Die & substrate attach Wire bonding Packages
Material Temp (°C) Material Temp (°C) Material Temp (°C) Material Temp (°C)
HTCC 225 Sintered nanoparticles 175 Nickel 300 Glass 220
PCB 250 Solders 200 Aluminum 300 Silicon 250
Thin film 300 Polymer 250 Platinum 500 Metal & ceramic 400
Cu on ceramic 400 Ag-glass 250 Gold 500 Prefired ceramic 500
Thick film 500 TLP 500 Brazed ceramic 800

than 175 °C, which is not suitable for high-temperature
environments. Glass-packaging materials are appropriate for
the temperature range from 180 °C to 220 °C [92], whereas the
silicon encapsulants are demonstrated to perform 250 °C for
continuous operation [93]. For high-temperature conditions,
metal and ceramic are normally the required packaging materi-
als exceeding the edge of 400 °C [94], with higher temperature
performance of brazed ceramic reaching 800 °C [95]. Another
succeeded study has been demonstrated at 500 °C using pre-
fired ceramic layers metalized with thick Au conductors [96].

Table VII summarizes the essential parts of high-
temperature packaging started by the substrate, die and sub-
strate attach, wire bonding, and ended by types of packages
including the temperature limits of the materials used in each
part.

IV. CONCLUSION

The main harsh environment applications were reported in
this paper. We presented the state of the art of the established
and emerging electronic technologies devoted for extreme
condition applications. The wide bandgap semiconductors,
such as SiC and GaN, are presented as suitable candidates
for extreme temperature applications exceeding the boundaries
of 500 °C and 900 °C, respectively. The packaging challenges
are still limiting the applicability of developed technologies
despite enhancing many advanced packaging techniques with
maximum endurable temperature of 500 °C for a defined time
of operation. The harsh environment electronics topic and its
corresponding assembly and packaging challenges are still
forming hot research topics nowadays and the future will show
great enhancing steps in these fields.
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