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SiC Background :
From Meteorites to the Lab



SiC Background

High strength Si - C 
bond

Needs a large amount 
of energy to break 
this bond

Results in a Wide 
bandgap



SiC Background

High temperature 
operation

Chemically inert

Radiation hard

Image from SiCrystal AG



SiC Background

Comparison of the technology challenges between 
Silicon and Silicon Carbide



SiC Device Technology:
Calidior, Altior, Durior



Devices : Diodes

Original drive was power 
electronics - reduction in 
system losses and higher 
switching frequency

n  4H-SiC 

n+ 4H-SiC 

5nm Cr / 600nm Au 

Boron implanted guard ring: 
Activated impurities: 1.5⋅1013cm-2 

NiSi Ohmic Contact  5nmCr / 600nm Au  

50nm thermal 
grown SiO2   Ti (NiSi, Mo) 

Schottky Contact  
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Figure 9. (a) Reverse junction capacitance of the tested diodes
measured at 25 !C. (b) Reverse recovery charge and on-state voltage
drop versus temperature at 6 A for the 3.3 kV SiC diodes.

is dominated by junction capacitance, there is virtually no
temperature dependence of the reverse recovery waverform
over the range 25–300 !C (figure 9(b)). In contrast, during
the static forward mode of a PiN diode, a surplus of minority
carriers at the edge of the space charge region is obtained,
due to their finite lifetime. This surplus concentration (known
as reverse recovery charge) must be removed by electron–
hole recombination, after switching to blocking conditions.
This recombination takes a finite amount of time known as
the reverse recovery time (trr). In any case, 4H-SiC 3.3 kV
PiN diodes exhibit much smaller reverse recovery charge (Qrr)
compared with their Si counterparts [5, 12]. This is due to
the much smaller carrier lifetime and thinner drift layer of SiC
PiN devices. The JBS diode presents reduced reverse recovery
charge depending on the anode bias and the temperature, i.e.,
if the bipolar mode of operation is activated. For PiN and
JBS diodes working in the bipolar mode of operation, the
reverse current peak (Irr) and reverse recovery charge increase
with temperature, because of the carrier lifetime increasing
with temperature. As inferred from figure 9(b), the amount
of charge stored in the drift region is an order of magnitude
lower for JBS (0.024 µC) when compared to PiN (0.72 µC),
at room temperature. On the other hand, the on-resistance
of both rectifiers is comparable at 6 A (250 A cm"2), being
22 m! cm2 for JBS and 18 m! cm2 for PiN. These results
suggest that the JBS topology exhibits the best trade-off
between reverse recovery charge and on-resistance for low
to moderate forward current density. Figure 10 shows the
3.3 kV SBD, JBS and PiN Ron versus Q#

rr (Qrr per unit
area) diagram, for different temperatures and current densities.
SBDs are included in the diagram for comparison. The
switching properties of SBD diodes are established by the
junction capacitance and hence, there is no minority charge
stored during reverse operation. This is also valid for JBS
diodes working at low temperatures and low current densities.

5. Reliability: forward voltage drift

In the previous sections, the electrical characteristics of fresh
SBD, JBS and PiN diodes were compared. SBDs clearly
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Figure 10. On-resistance versus reverse recovery charge per unit
area for different temperatures and forward current densities.

underperform JBS and PiN diodes in terms of current handling
because they are just majority carrier devices. However,
severe forward voltage drift, where the diode voltage drop
may increase by several volts during a forward stress, is one
of the main factors hampering bipolar devices commercial
development. This degradation mechanism is due to the
generation of stacking faults under a forward stress [6]. During
a forward stress, bipolar current flow in the drift layer provokes
electron–hole recombination. This recombination provides
energy to the lattice, allowing basal plane screw dislocation
to generate stacking faults. Electrons are trapped in these
stacking faults. The effective area of the diode is then reduced
because the area under the fault is depleted of plasma. A
larger amount of applied voltage is now required to maintain
the same forward current level, causing the forward voltage
drift. Recent innovations have reduced the epilayer basal plane
density below 10 cm"2, turning these problematic defects
into relatively benign threading edge dislocations [10]. The
PiN diode starting material has been treated with similar
techniques to reduce this basal plane density. Prior stress
I–V characteristics for SBD, JBS and PiN are shown in figure
11. The turn-on voltage of SBD and JBS is around 1 V. SBD1
area (25 mm2) is ten times larger than JBS and PiN (2.6 mm2).
The voltage drop of SBD1 is for this reason strongly reduced.
JBS bipolar activation occurs at around 6 V. From this voltage,
the slope from the I–V curve is progressively analogous to
that from a PiN diode. The PiN diode exhibits a turn-on
voltage of around 2.3 V, displaying the steepest slope. Then,
demanding stress tests were conducted in our PiN diodes and
discussed elsewhere [19]. For PiN diodes, manufactured on
enhanced starting material, the dc stress (ST) was 20–60 h
at 10 A (25 !C–225 !C). The diodes were characterized in
the forward mode after the dc stress. A remarkable 20% of
the characterized PiN rectifiers (24 diodes in total) showed no
degradation at all. However, a voltage shift ("VF), in the range
of 1–2.2 V, was evidenced for the rest of the diodes (figure 11).
Analogously, forward voltage drift was also observed for most
of our JBS diodes. The dc stress for JBS (and for SBD) diodes
was 50 h at 8 A (25 !C). In this case, the epitaxial layer of JBS
diodes was not especially treated for stacking fault reduction.
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Devices : FETs

Both power and signal level 
devices realised for high 
temperature operation
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Drain 
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Devices : MOS Based

High temperature dielectrics now a reality

Circuit Fabrication 

CMOS test structures and test circuits described in [2] were fabricated on 100 mm, Si face, 4° off axis, 4H 
SiC n+ wafers with a doped epi layer, in which n and p-type well regions are formed by ion implantation. 
Source/drain regions for n-channel and p-channel devices are formed by further ion implantations as well 
as threshold voltage adjustments. All implants are annealed together at high temperature with the surface 
protected by a carbon cap. Thick field oxide and thin gate dielectric regions are then formed followed by 
doped polysilicon gate electrodes. Nickel based contacts are formed on the doped regions and a refractory 
metal interconnect is deposited and patterned. A thin Nickel top layer is finally applied to protect the pads 
from oxidation during probe testing at elevated temperatures. Finally an oxide layer is deposited for final 
passivation and scratch protection and openings made to the bond pads.  A simplified cross section of the 
device is shown in Figure 1. 

 

 

 

 

 

Figure 1. CMOS on SiC cross-section 

Test Device Results 

An extensive range of test structures including large area diodes, four terminal and bar resistors, contact 
test structures and transistors with a range of aspect ratios were fabricated on the same wafer. [4]. Layer 
doping levels were set to support 15V operation for temperatures up to 400C and hence diode breakdown 
voltages above 30V were required. Figure 2 shows diode reverse leakage as a function of temperature for 
p+/n- and  n+/p- structures. The vertical punch-through voltage, from n+ drain to n+ substrate, constrains 
the voltage performance more strongly than the diode breakdowns but is still greater than 30V at 300°C as 
shown by the data in Figure 3.  
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Figure 2.  Diode reverse current vs. voltage and temperature for p+/n- and n+/p- diodes. 
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Wireless Sensor Nodes :
The Vision



Wireless Sensor Node

Integration of different modules

Passive devices and circuit boards critical



Wireless Sensor Nodes :
Module Technology



Sensor Module

MOS based gas sensor structures

CMOS compatible processing requirements

Highly responsive to H2 and O2 rich ambients at 300C



Sensor Arrays

First arrays in SiC high temperature gas sensors



Energy Harvesting

Ability to produce 12V from thermal gradients

Self starting boost converter topology
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Energy Harvesting

Piezo electric energy harvesting at high temperatures

Operation beyond the plastic deformation temperature

Until now no investigation has been carried out into how
temperature affects a PZT energy harvester and how the output
power from a silicon carbide rectifier changes.

This paper presents the results from a Piezo Systems Inc
piezoelectric energy harvester heated from room temperature
to 300�C and how the output from a silicon carbide full bridge
rectifier changes also.

II. EXPERIMENTAL

The experimental setup comprises of an LDS V101 shaker
driven from an audio amplifier whose signal is produced by a
LabVIEW program combined with a DAQ card. The system
acceleration is measured at the base of the vibration shaft
with an ADXL103 analogue accelerometer, this allows the
initial acceleration to be set and, if need be, for the system to
control the acceleration at a constant level. The piezoelectric
device is mounted on a custom made high temperature carriage
which is attached to the end of the vibration shaft, the metal
electrodes on the energy harvester are also removed at the
clamp so that they add no extra parasitics to the system. The
energy harvester output can be switched between the external
variable load or to the input to a full wave rectifier, which is in
turn connected to the load. The output voltage seen across the
external load is buffered by a Keithley 6517A electrometer,
with a specification input impedance of 200T�, before being
recorded. The system is mounted on top of an oven which can
maintain a stable temperature set point up to 600�C which
allows the energy harvester and the full bridge rectifier to be
tested from room temperature to 300�C. The vibrations are
delivered to the energy harvester via a steel shaft connecting
the inverted shaker to the energy harvester through a hole in
the oven roof.

III. RESULTS AND DISCUSSION

A. Piezoelectric characteristics
Most mechanical and electrical systems exhibit resonance

and in most cases this is detrimental to the system (eg.
bridges, buildings). However, in the case of vibration energy
harvesting, this can be used to dramatically increase the
output voltage from the device. At resonance, the peak tip
displacement of the bi-morph will be much greater, and so
will significantly increase the stress in the piezoelectric layers.
By using this phenomena, piezoelectric devices can produce
very high voltages (>50V is not unrealistic) and so make it
the ideal energy harvesting technique to be used with a wide
band gap semiconductor, which inherently have higher built in
voltages. As resonance is such a important factor in the output
produced by a piezoelectric energy harvester, it is important
see how this changes with temperature. Figure 1 shows how
the resonant frequency of the energy harvester changes with
temperature. The test was conducted from room temperature
to 300�C in 25�C increments at 3.9ms�2 (400mg).

It is clear that the resonant frequency of the device de-
creases with temperature. By modelling the system as a simple
mechanical cantilever, equation 1 can be used to extract
the Youngs modulus, where f is the open circuit resonant
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Fig. 1. Frequency sweep change with temperature for a piezoelectric energy
harvester

frequency of the harvester, l is the cantilever length, mt is the
attached tip mass, mc is the cantilever mass, w is the width
and t is the overall thickness of the device.

Y = 2�foc
4l3(mt + (0.24mc))

wt3
(1)

Equation 1 makes the assumption the the brass shim of
the bi-morph has no impact on the mechanical characteristics
of the system. This assumption seems valid as the calculated
value for the room temperature Youngs modulus is within
close range of that in the literature [8]. Figure 2 shows the
decrease in Youngs modulus with temperature, indicating that
there are two linear regions separated by an inflexion at 450K.
This could be the elastic limit of the device, indicating that
beyond 450K the cantilever will not return to its former
stiffness. This is supported by equation 1 which suggests a
linear relationship between resonant frequency and Youngs
modulus.
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Besides the decrease in resonant frequency, the other notable
change in figure 1 is the change in the peak output voltage
at resonance. Given that most piezoelectric materials have a
Curie point at which they revert to a non-piezoelectric state,
it would be expected that the output voltage would steadily
decrease until this point. However, the characteristics shown
in figure 1 look not only to be governed by the piezoelectric
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Fig. 6. Change in Schottky diode voltage drop with temperature

that the energy harvester output and so will provide a suitable
rectification method.

To investigate the effects on increased temperature on the
whole system, the piezoelectric energy harvester was driven
at 400mg and connected to the input of the full wave rectifier.
The output power of the rectifier was measured when loaded
with a 1M� and with the measured matched loads shown in
figure 5. Figure 7 shows the change in rectified power with
temperature, it shows that the power significantly decreases
with temperature from 320µW at room temperature, to 80µW
at 573K, into the matched load. The reason for the low
correlation between the matched load data and the data fit
is due to the error in the matched load determination, for this
reason the test was also run with a 1M� load also. At room
temperature the power delivered to the 1M� load is 50µW,
this decreases to 7µW at 573K which is proportionally the
same as the matched load scenario.
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To determine if the full wave rectifier is fully operational at
the elevated temperatures and not simply acting as a half wave
rectifier, the output wave form of the rectifier can be analysed.
The unsmoothed output from a full wave rectifier should have
a frequency twice that of the input waveform, and no part of
the signal below 0V. Figure 8 compares the output from the
rectifier at room temperature to 573K, when the piezoelectric

energy harvester is driven at resonance. The output wave-
form at room temperature has frequency of 285Hz and at 573K
a frequency of 87Hz, these are twice the input frequency and
show that the rectifier is fully operational.
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IV. CONCLUSION

This work has shown that high temperature energy har-
vesting, incorporating silicon carbide electronics and a PZT
energy harvester, can operate at 300�C. The data shows that
although the peak output voltage from the piezoelectric energy
harvester decreases at elevated temperatures, it is still capable
of producing a useable voltage. The output voltage from the
piezoelectric device at 573K is much lower than the room
temperature full wave rectifier voltage drop. However, as the
temperature increases the voltage drop of the SiC Schottky
diodes decreases at 2mV/K, so at 300�C the voltage drop of a
single diode is 0.1V. This decreased voltage drop means that
the system is able operate at elevated temperatures and produce
a rectified output. This output can be used to power a high
temperature communications or sensor system for extended
periods of time when coupled with high temperature capacitive
storage elements, as such this is a first step to developing a
high temperature vibration based energy harvesting system.
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Signal Conditioning

AC coupled, multi stage amplifiers
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Communications

Temperature stable RF Oscillators and FSK data 
transmission

Optoelectronic devices operable to 600C
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and Inferring the Future ?



Conclusions

SiC electronics offers the possibility of placing sensors 
into locations beyond those possible with conventional 
silicon

Basic technology now exists

Integration is now the challenge

Application specific solutions are required - in terms of 
which sensor, what data, powered how ... 



Thanks for Listening

Slides and updates are available from 
resilienttechnology.wordpress.com


