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Abstract
Biological systems have inherent mechanisms which ensure their adaptation and thus survival — preservation of
functionality, despite extreme and varying environments.
One such environmental feature is that of temperature. Extreme temperature electronics (ETE) is a field where, similarly, these organisms (electronic solutions), have to be designed to survive in such an environment. A number of approaches that address ETE are both proposed and, in some
cases, implemented in today’s technologies. Some of these
approaches may be said to reduce this challenge but none
may be said to solve it. However, biology has found a solution. There can, therefore, be great merit in turning to
biology to identify possible solutions. However, it is important to first consider where the field is today.
This paper presents a survey of methods and techniques
for tackling temperature effects in ETE — from materials to
static and dynamic design techniques. Further, suggestions
are provided as to where a bio-inspired approach may be
applied either as an improvement to an existing approach
or as a novel approach to an existing sub-challenge. Particular attention has been given to where a bio-inspired approach might provide a more dynamic solution.

1 Introduction
Electronic designs for the automotive, geothermal and
petroleum deep-well drilling or space-craft industry all have
one major challenge in common — they need to operate
in extreme-temperature environments. This implies that
Extreme Temperature Electronics (ETE) is required to operate in temperatures out with traditional commercial, industrial or military ranges i.e. out with −55/ − 65 ◦ C
to +125 ◦C [25]. The extremes of ETE are termed hightemperature electronics (HTE) referring to the temperatures

over +125 ◦C, low-temperature electronics (LTE) for the
temperatures below −55/ − 65 ◦ C, and cryogenic temperature electronics i.e. below −150 ◦C.
Living organisms are capable of survival despite dynamic and extreme environments. Finding ways to identify the fundamental mechanisms due to which such survival is achieved, may provide inspiration for ETE solutions not achievable by traditional methods. However, it
is important to look at the existing traditional methods to
identify where a bio-inspired approach might be advantageously combined with an existing approach or where such
an approach alone might provide an improved solution or a
novel solution to an unsolved problem. This paper presents
a brief introduction to the challenges inherent in ETE, as
well as a survey of ETE techniques and technologies under
investigation. Moreover, it identifies avenues of research for
bio-inspired techniques within ETE.
An overview of semiconductor properties and their variation under changing temperature conditions is provided
in section 2. Existing approaches to ETE with fixed design solutions are surveyed in sections 3 and 4 — materials and design techniques respectively. Section 5 presents
dynamic (adaptive) techniques and stresses the bio-inspired
techniques as the promising guidelines for the novel solutions. Lastly, the conclusion remarks are given.

2 Theoretical background
Although new materials are under investigation and
some materials are being applied to commercial devices,
the majority of electronics today is based on semiconductor
technology and, in particular, silicon. This section presents
an overview of the challenges that silicon is facing with respect to extreme temperature environments and also different issues that need to be taken into account when considering semiconductors.

2.1

Operating point

several components which contribute to leakage current.
Junction leakage, which is characteristic for reverse-biased
p-n junctions, occurs at the junction between source or drain
and the well due to minor carrier diffusion near the junction
depletion region and also due to electron-hole pair generation within this region. Subthreshold leakage occurs when
the gate voltage is below the threshold value. Further, there
are also components caused by the gate electric field and
other components which arise in short-channel devices [33].
Scaling towards nano-devices will increase leakage current
effects.

The operation of an electronic device is described by its
input-output characteristics. The operating point reflects the
relationship between the inputs and outputs which describes
the device functionality under given conditions. When exposed to extreme temperatures, this change in conditions
causes the operating point to move resulting in a deviation
in the device functionality.

2.2

Carrier mobility

2.6

Semiconductor materials are, in their native state, nonconducting materials. It is the ionised dopant atoms added
to these materials that provide for the majority of electricity
carriers in the material. However, the semiconductor intrinsic carriers can provide a certain amount of the total electricity carriers under specific conditions — see section 2.3.
Temperature variation causes an inverse exponential
change in carrier mobility i.e. it is higher at low and lower
at high temperatures. This kind of behaviour is a consequence of the fact that rising temperature makes atoms in
the semiconductor crystal lattice vibrate causing more collisions with the dopant carriers — lattice scattering, making
them less mobile [27].

2.3

At very low temperatures MOS structures exhibit specific behaviour. Dopant carriers are frozen-out at specific
low temperatures e.g. 30K for Si, where the thermal energy
level is insufficient to ionise dopant atoms. This makes pwell and n-well perform similar to insulators [10]. As temperature lowers, the majority carriers are trapped at source
making a bias at the well. The well bias causes threshold
voltage to decrease which results in a current increase. For
the particular value of the drain voltage the current saturates
at a higher level than the Id-Vd characteristics. Thus the IdVd characteristic exhibits current kink and hysteresis at low
temperatures. Other possible explanations for current kink
may be seen in the literature [19, 48]. Current kink is more
pronounced for n-MOS structure.
The freeze-out phenomenon in bipolar transistors is pronounced at base and collector sites. It affects the transistor
frequency response, dynamic switching performance and
the noise properties [9].

Intrinsic carrier concentration

Rising temperature provides increased thermal energy to
electrons in the semiconductor valence band. If this energy
is higher than the semiconductor bandgap, the electron is
promoted from the valence band to the conduction band
thus contributing to a higher concentration of carriers and
thereby increasing current. The concentration of intrinsic
carriers is exponentially dependent on temperature. However, for the same temperature level and intrinsic carrier
concentration, wider bandgap semiconductors exhibit lower
current resulting from intrinsic electron promotion.

2.4

2.7

Zero-Temperature-Coeﬃcient (ZTC)
bias points

ZTC bias points refer to the two gate bias voltage points,
one in linear another in the saturation region of the MOSFET structure, for which drain current is least affected by
temperature [34]. This phenomenon can be exploited for
tackling the temperature effects in MOSFETs through biasing schemes, see [14].

Threshold voltage

In CMOS technology, which is the dominating silicon
technology today, threshold voltage shows linear dependence on temperature [34]. With technologies based on
other materials, threshold voltage shows similar behaviour.
It is only the parameters which determine its functional dependence on temperature that differ, for example the rate of
the change.

2.5

Low-temperature behaviour

2.8

Semiconductor Crystal Structure

All semiconductor substrate wafers have single-crystal
structures. Such a structure exhibits higher periodicity,
making the dopant movement through the crystal structure
easier. Therefore, the quality of the crystal structure greatly
influences semiconducting properties such as carrier mobility. On the other hand, all semiconductor dielectrics are
amorphous. The amorphous nature of the structure prevents

Leakage current

Leakage current represents one of the challenges of
silicon-based technology. In CMOS technology, there are
2

electricity movement yielding material dielectric properties
[22].
Single-crystal structures are, therefore, sought for future
electronics based on synthetic semi-conducting materials.
These materials are generated through the process of epitaxial i.e. layer-by-layer growth during which impurities are
added. However, for many potential materials it is very hard
to achieve a defect-free single-crystal structure during this
process.

2.9

be doped. However, recently reported results on the epitaxial growth processes for SiC and Diamond are very promising [45] and terms like SiC electronics or diamond electronics have become common phrases in the ETE community.
Some selected properties of these materials, as well as silicon itself, are provided in table 1.

Table 1. Physical Properties for Some Semiconductor Materials, [45], [21]

Packaging and Wiring

Operation of the electronic device at extreme temperatures is limited not only by the temperature-induced phenomena and temperature-dependent properties of its components, but also by the packaging and wiring. At high
temperatures the interaction between materials is more pronounced due to the presence of higher thermal energy.
A number of aspects need to be addressed: characterisation of materials and their interactions at high temperatures; minimisation of mechanical stresses caused by thermal expansion mismatches; provision of heat dissipation
path and environmental protection; improvements in metallisation and device development tools and testing equipment [28].

Name

Bandgap
(eV)

Carrier
mobility, µ
(cm2 /V s)

Si

1.1

GaAs

1.4

SiC

3.3

GaN

3.4

Diamond(C)

5.5

Ge

0.66

1350el
480holes
8600el
250holes
980el
200holes
2000el
200holes
35004500el
26003800holes
3900el
1900holes

3 New Materials for Extreme Temperatures
One approach to tackling temperature effects is to exploit the fact that materials behave differently at varying
temperatures according to their intrinsic properties. In general, materials for extreme temperatures may be classed into
those addressing high temperature issues and those addressing low temperature issues.

3.1

High Temperature
Materials

Intrinsic
carrier
concentration
(cm−3 )
1.02 · 1010
2.1 · 106
3 · 1015
(3C-SiC)
1.9 · 10−10
1 · 10−27

2 · 1013

GaAs behaves as silicon at extreme temperatures, exhibiting the same kind of temperature effects. It is the diffusion component of the leakage current that becomes significant at higher temperatures than in Si [35] due to its wider
bandgap, see table 1. GaN, on the other hand, is characterised by high carrier mobility. Together with other compounds from the same family of nitrides: InN; AlN and their
alloys, GaN has demonstrated operation at temperatures as
high as 500 ◦C [11]. SiC is characterised by very low intrinsic carrier concentrations resulting in current increases
at higher temperatures. Devices based on SiC have demonstrated operation at temperatures above 400 ◦ C, [46].
Diamond is the most promising material of all, not only
because of the widest bandgap, but also the highest thermal conductivity amongst all solids. Further, diamond exhibits strong mechanical properties and resistance to highenergy radiation. However, the current state of research into
diamond-based electronics is focused on synthetic diamond
wafer production.
Some technologies employ other materials in combination with traditional semiconducting materials in order to

Semiconductor

One of the most important semiconductor properties for
high temperature operation, is the bandgap width. Wide
bandgap semiconductors require more thermal energy to excite electrons from the valence band.
Another property of interest for high temperatures is intrinsic carrier concentration. The current component caused
by the increase of intrinsic carriers in the conduction band
at higher temperatures will be lower if the concentration is
lower.
Various wide bandgap semiconductors have already been
tested for ETE: SiC, Diamond, GaAs, nitrides and their alloys. Their suitability for ETE devices depends on production advances, especially with respect to achieving defectfree single-crystal semiconductor structures that can easily
3

reduce undesirable temperature effects e.g. semiconductoron-insulator structures [47]. These structures have a layer
of insulator between the MOS body and the wafer substrate
which reduces leakage current effects.
Germanium has not proved to be suitable for higher temperature applications due to its narrow bandgap, see Table
1. However, recent results [7] and [8] show that SiGe heterojunction bipolar transistors (HBT) can be used for higher
temperatures of up to 300 ◦C. The description of high temperature behaviour of SiGe heterostructures may be found
in [12].

3.2

compensation schemes refer to circuitry which is added to a
design to compensate for temperature-caused phenomena.

4.1

For leakage current compensation, conventional methods consist of building-in compensation diodes whose inversion current compensates for the unwanted MOSFET’s
leakage current, following Kirchoffs law. Instead of diodes,
current mirrors can be introduced [26].
Compensation schemes for operational amplifiers
(OpAmps) have drawn a lot of attention because of their
important role in analogue circuits. Each stage has different
schemes depending on their specificities. The input stage
compensation is similar to MOSFET compensation. Various schemes are proposed for further improvements such
as in [40]. For the compensation of middle gain stages,
supply voltage division schemes are applied [34] where
compensation depends on the ratio of passive elements in
the compensation circuitry. The output stage does not need
any additional circuitry as n-MOS and p-MOS leakage
currents have opposite directions. However, the leakage
areas in these output stage transistors are required to be
equal for these currents to compensate one other [34].
Another approach to OpAmp compensation at extremetemperatures is auto-zeroing. Auto-zeroing is a method applied in OpAmps for the voltage offset cancellation. There
are different ways in which it can be realised. One example with offset current compensation is presented in [20],
another which includes pre-amplifiers in [40].
AD converters are another group of devices which are
important for ETE applications. There are various design
techniques applied for their compensation. The switched
bridge topology, presented in [20], performs error suppression at high temperatures. AD converters which require
matching of less temperature-dependent passive components, such as capacitors, are more suitable for extreme temperatures than those based on temperature-dependent resistors. Examples of such AD converters include pipeline and
sigma-delta [40].

Low Temperature Semiconductor Materials

The materials that are currently under investigation for
low temperatures include Ge, GaAs and Si. During material production, special process parameters such as epitaxial
layer thickness and doping concentration are applied in order to yield devices fit to operate at low temperatures.
Various devices based on Ge have been demonstrated to
maintain satisfactory operational characteristics at low temperatures. These devices include: Ge-based diode; bipolar transistor and a metal-insulator-semiconductor capacitor
(MIS) [42]. A Ge JFET was demonstrated to operate with
stable DC characteristics and low gate reverse leakage current at temperatures as low as 4K. However, noise was a
problem at this low temperature although the device tolerated noise as low as 20K [44]. GeSi hetero-structures compatible with existing silicon technologies are also suitable
for low temperatures [3], [12].

3.3

Compensation Design Techniques

Materials discussion

As the new generation of semiconductors is emerging
[45], there are many questions raised which need to be answered before devices based on the new materials reach the
stage of mass production. Are the devices expected to follow ASIC design i.e. fixed during the production process or
is there a possibility for reconfigurable devices? Will the
design of these devices follow the same rules as those applied to the design of silicon devices? If not, can current
design methods be adapted to the new devices or are novel
design methods required? Could the novel design for the
devices based on new materials seek inspiration from biological patterns? Some of the technological difficulties met
in their production might be solved by turning to the biological ways of constructing tissue.

4.2

Technological Design Techniques

Technological design can also account for lowering extreme temperature effects. Current kink, which MOS transistors exhibit at cryogenic temperatures, can be eliminated
by floating the well, see [15] [23]. Graded channels in SOI
MOSFETs [29] as well as double-gate design [30] are also
suitable design techniques for low temperatures.
Another example is SiGe HBT where the shape of the Ge
profile near the emitter-base junction influences the magnitude of the current gain. For the suitable Ge profile, the
current gain can even become temperature independent [9].

4 Design Techniques for ETE
Temperature effects can be tackled by building compensation schemes into the circuit or system design. These
4

4.3

Design Discussion

sions contain additional elements: capacitors, resistances,
amplifiers and even arrays of sensors.
The main temperature-dependent characteristic of silicon that is being addressed is that of the operating point.
The goal being to adapt the operating point in an extreme
temperature environment such that the original functionality may be recovered or new functionality may be achieved.
Applications that were tested varied from logic gates, a
Gaussian-shaped curve, a half-wave rectifier, closed-loop
OpAmps, different types of filters and controllable oscillators. In more recent experiments [37, 39] it was not only the
circuit itself which was exposed to extreme temperatures,
but also the evolutionary algorithm controlling the adaptation. The functions were tested in various experimental setups to either high or low temperatures. The results of the
experiments are very promising, especially in the light of
the exposure of the evolutionary algorithm itself, ensuring
that the experiment could be repeated at these extreme temperatures in a less accessible environment.
It is interesting to note that in some cases functionality was recovered when the design was implemented in an
older platform version i.e. produced in 0.5µ CMOS, whilst
the design failed to recover when implemented on a platform produced in a newer technology 0.18µ CMOS, [49].
It shows that scaling of transistors increases the temperature challenge, as stated in section 2.
Further, the possibility of exploiting extreme temperatures to achieve new functionality was investigated. Preliminary results showed that a design performing logical AND
at one temperature could achieve a logical OR at another
[38]. These types of circuits, where functionality can be
controlled by some parameter including temperature, power
supply or voltage have been termed polymorphic electronics. However, the work in this area is at a very early stage.

All compensation techniques, no matter how well designed or how well the technological properties are adjusted, still face certain temperature limits after which operation is temperature-degraded. Can these techniques be
modified in order to preserve their compensating role even
when this limit is surpassed? What mechanism could guide
the modification? Could some novel, bio-inspired solution
yield the modification in the design which would preserve
its compensating role irrespective of the existing temperature limits? The principles underlying thermoregulatory
mechanisms in the human body could be used as a source
of inspiration.

5 Adaptation to Extreme Temperatures
Traditional approaches to adaptive solutions presume
that changed conditions, to which the device is going to be
exposed, are well-specified during the design phase. Different solutions may be created for these specific conditions,
all of which are available at run-time and applied as the temperature conditions are changed. This means that a device
may switch between those predefined solutions instead of
one static solution (as in sections 3 and 4). However, even
if different temperatures are known in advance and the suitable design solutions created, there is still an open question:
how should the design be switched in real-time?
Depending on the application in hand, it is not always
possible to specify the temperature conditions at design
time. To adapt to changing temperature conditions at runtime involves the creating a new design solution tailored to
the changing conditions. One possible run-time adaptive
solution is to apply an evolutionary algorithm to search for
the new solution, as described in section 5.1.

5.2
5.1

Self-Reconﬁgurable Electronics for
Extreme Environments (SRE-EE)

Bio-inspired Adaptation

Many human biological processes may be characterised
as adaptive to changing environments e.g. the immune system and endocrine system. Such systems have been investigated, not particularly for ETE, but rather for fault recovery
in digital systems [5] and [16].
A further interesting biological process is homeostasis:
when an organism is exposed to a stressful situation, excessive light or temperature, it triggers a chain of reactions
which preserve the organism’s balance. In this process,
physiological and bio-chemical actions and reactions happen at different levels — from the organism as a whole
down to the processes within a cell. The result of these
processes is that the organism survives despite environmental changes — a feature desirable in ETE applications. Further, biological tissues and their composition provide reconfigurable structures which are adaptable to environmental

At NASAs Jet Propulsion Laboratory (JPL), a generic
platform for achieving designs adaptable to extreme environments: Self-Reconfigurable Electronics for Extreme Environments (SRE-EE), is being developed. Further, various
functional designs have been implemented and tested for
extreme temperature tolerance.
The platform consists, in principle, of a number of
programmable elements interconnected by programmable
switches that may be switched on/off under the control of
an evolutionary algorithm — a bio-inspired algorithm inspired by natural evolution. Depending on the state of the
switches, different circuit topologies can be obtained thus
resulting in different functionalities. The first version consisted only of programmable transistors, whilst later ver5

changes. Homeostasis is preserved thanks to the interplay
of many mechanisms which include all organs and tissues
of the body performing their functions [17].
A homeostasis inspired approach to ETE might similarly
be applied at different levels, from the design as a whole
down to subsystems of the design. A part of the system
might be adapted to the new conditions - similar to the work
at 5.1 or the part might be replaced by another part which
can take voter and provide the overall desirable operation
under the new conditions. The latter scenario may be seen
as similar to that of a cell in a living organism — it is replaced by another cell when it is no longer capable of performing its intended function.

[7]

[8]

[9]

[10]

6 Conclusion Remarks and Future Work
[11]

Extreme-temperature electronics is a broad field in
which a number of challenges have been addressed but
not solved. The survey of the field provided in this paper has presented materials and conventional methods, as
well as bio-inspired techniques designed to tackle the effects caused by ETE. Some questions with respect to these
approaches have been raised and directions for novel solutions suggested.
Biological processes, in the form of thermoregulatory
mechanisms, involving different organs, tissues and cells
offer inspiration for novel ETE approaches. Future work
will investigate such processes in the light of real-time adaptive ETE solutions.

[12]
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