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Abstract

This application note explains what is the thermal runaway of a rectifier, demontrates the
calculation of the SOA and describes the main factors influencing the thermal limits of a rectifier.
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1. Introduction
Operating a rectifier within its safe operating area (SOA) with a sufficient safety margin is crucial for
a robust design, especially at the high ambient temperatures seen in high-power density or hightemperature automotive applications . This application note explains what is the thermal runaway
of a rectifier, demontrates the calculation of the SOA and describes the main factors influencing the
thermal limits of a rectifier.

2. Rectifier as a thermal system – thermal runaway

Fig. 1.

Definition of thermal resistances in a clip-bond package

The thermal stability of a rectifier in reverse direction is determined by the interaction of its leakage
current which causes self-heating, and the capability of the rectifier to dissipate this heat through
the thermal resistance in the system. In thermal equilibrium, the junction temperature of the device
can be described as follows with a fixed ambient temperature Tamb as thermal ground:
where Rth(j-a) is the thermal resistance between junction and ambient and Pdissipated is the amount
of dissipated power in the device.
The equilibrium condition as illustrated in Fig. 2 is the outcome of two parallel processes:
1. The capability of the thermal system to dissipate heat through the thermal resistance (graph (1))
2. The self heating of the rectifier (Pgenerated) caused by its own reverse leakage current (graph
(2)) and by possible switching losses, with increasing leakage current over the junction
temperature
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Fig. 2.

Thermal equilibrium: the intersections of the graphs are the coordinates for an
equilibrium condition

As shown in Fig. 2, the curve representing the dissipated power intersects the x-axis at ambient
temperature and then rises with a slope which is proportional to the thermal conductance (1/Rth) of
the system. As the leakage current increases exponentially over temperature, the generated power
caused by the leakage current of the diode increases exponentially when the junction temperature
increases. The intersections of the two graphs give the coordinates for an equilibrium condition.
The first intersection corresponds to the stable operation of the system (stable condition). As long
as the generated power through self-heating is smaller than the dissipated power, the junction
temperature of the device decreases and, in thermal equilibrium, converges toward a stable
condition. This model also explains the heating-up of the device when the system is switched on,
as the junction temperature converges to the stable condition (arrow pointing to the stable condition
in Fig. 2).
However, if more power is generated than dissipated (intersection representing unstable condition)
the junction temperature increases until the device eventually becomes thermally unstable. This
is termed ‘thermal runaway’. The device will draw more and more current until it fails completely
due to thermal overstress. Fig. 3 shows an x-ray picture of a device which has failed due to thermal
runaway. In this case, the fusing current of the wire bond has been exceeded. In the case of clipbond packages, the die itself would be destroyed by thermal overstress. The discoloration of the
epoxy molding compound testifies to the high heat experienced by the device.

a. Epoxy molding compound discolored through the
heat
Fig. 3.

b. X-ray: fusing current of the wire bond has been
exceeded

Failed device due to thermal runaway

AN90015

application note

All information provided in this document is subject to legal disclaimers.

Rev. 1.0 — 20 May 2020

©

Nexperia B.V. 2020. All rights reserved

3 / 13

AN90015

Nexperia

Reverse bias Safe Operating Area (SOA) of rectifiers
The temperature gap between stable and unstable operation is the safety margin of the system. As
shown in Fig. 4, with an increase of ambient temperature, this safety margin shrinks until the stable
and the unstable conditions coincide.
This is obviously the case when the condition

occurs.
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3. SOA of a rectifier in reverse direction
The limits given by the thermal runaway condition define the Safe Operating Area (SOA) of a
rectifier in reverse direction. For each reverse bias voltage VR, the corresponding leakage current
IR is measured over junction temperature by applying the formula:
(with Pgenerated = VR x IR)
The temperature limit for thermal runaway can be calculated for each reverse bias point for a given
Rth. The graph resulting from this calculation shows the maximum thermally stable reverse voltage
for a rectifier based on its junction temperature (Fig. 5). For a given Rth, the derating curve defines
the maximum reverse voltage the rectifier can withstand before going into thermal runaway.
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In practice, the SOA graph in Fig. 5 is used as follows:
for a given application with known Rth(j-a) of the product, the requested maximum reverse voltage
defines the maximum junction temperature according to this graph.
The generated power can be calculated by taking into account the leakage current of the device at
the given reverse voltage and junction temperature as given in the rectifier datasheet. Finally, the
maximum allowable ambient temperature can be calculated:
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4. Main factors influencing the SOA of a rectifier
As described in Section 3 and according to the formula

, the thermal resistance

of the system has a strong impact on the SOA of a rectifier. As a result, the SOA of a rectifier
can be extended by using products in packages with a low junction-to-solder-point thermal
resistance Rth(j-sp), and/or by using Printed-Circuit Boards (PCB) or substrates with improved
thermal properties, e.g. ceramic PCBs.
The impact of the chosen rectifier technology on the SOA is another important aspect, because the
generated power is caused by the reverse leakage current of the rectifier at a given bias point. In
order to compare the leakage current of different technologies, it makes sense to use the leakage
current density rather the leakage current itself (see Fig. 6). This method eliminates the impact of
the die size. The graphs in Fig. 6 show the behavior of the leakage current density of four different
products depending on the junction temperature.
The chosen products are as follows:
•
•
•
•

100 V Schottky rectifier with a barrier height (φB) of 805 meV
100 V Schottky rectifier with a barrier height of 665 meV
200 V hyperfast recovery rectifier
Nexperia's novel 120 V Silicon Germanium (SiGe) rectifier

The leakage current is measured at VR = 60 V, with a margin of more than 40 V until the
breakdown voltage, therefore the leakage current is barely affected by the breakdown. In a first
approximation, the leakage current at this bias point is mainly dominated by the intrinsic leakage
rather than by effects at the cell termination.
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Fig. 6.

Leakage current density as function of temperature: comparing SiGe rectifier to
Schottky rectifiers with two different barrier heights and a hyperfast recovery
rectifier

The highest leakage current density is observed for the Schottky rectifier with the low barrier
height. Leakage current density decreases by two orders of magnitude if the barrier height is
increased from 665 meV to 805 meV. The lowest reverse current density is achieved by the
hyperfast recovery rectifier (an even lower leakage current can be expected for recovery rectifiers
with standard switching speeds, not shown in this comparison). Interestingly, the leakage current
density for the novel SiGe rectifier technology is at the same level as for the hyperfast recovery
rectifier.
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The decisive factor in determining the thermal stability of the rectifier in reverse direction is the
increase rate of the leakage current over temperature. Therefore the graphs in Fig. 6 have been
differentiated with respect to temperature, resulting in Fig. 7.
Due to the exponential progress of the reverse leakage current density over the temperature,
its derivative is also exponential and therefore linear on a logarithmic scale. Taking into account
the well-known trade-off between the reverse leakage current and the forward voltage drop of
a rectifier, SiGe rectifiers represent the best compromise in terms of thermal stability (leakage
current) and the efficiency (forward voltage drop).
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Fig. 7.

Derivative leakage current density as function of temperature: comparing SiGe
rectifier to Schottky rectifiers with two different barrier heights and a hyperfast
recovery rectifier

As an example, the resulting SOA for Nexperia SiGe rectifier PMEG120G20ELR is illustrated in
Fig. 8 for two different thermal resistances: optimal PCB with Rth = 18 K/W and standard footprint
with Rth = 220 K/W. Even on the standard footprint, the SiGe rectifier can provide its full maximum
reverse voltage up to almost 175 °C junction temperature, without going into thermal runaway.
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b. Standard footprint with Rth = 220 K/W

PMEG120G20ELR: Derated maximum reverse voltage as a function of junction temperature; typical values
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5. Summary
The consideration of the safe operating area of the rectifier in high-temperature applications
is crucial for a robust design. The condition for thermal runaway is fulfilled if the term
is met. Apart from the thermal resistance of the system, the applied rectifier
technology contributes to the thermal stability of the device. Nexperia's novel SiGe rectifiers
demonstrate excellent thermal stability up to almost the maximum junction temperature.
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6. Revision history
Table 1. Revision history
Revision
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7. Legal information
Definitions
Draft — The document is a draft version only. The content is still under
internal review and subject to formal approval, which may result in
modifications or additions. Nexperia does not give any representations or
warranties as to the accuracy or completeness of information included herein
and shall have no liability for the consequences of use of such information.

Disclaimers
Limited warranty and liability — Information in this document is believed
to be accurate and reliable. However, Nexperia does not give any
representations or warranties, expressed or implied, as to the accuracy
or completeness of such information and shall have no liability for the
consequences of use of such information. Nexperia takes no responsibility
for the content in this document if provided by an information source outside
of Nexperia.
In no event shall Nexperia be liable for any indirect, incidental, punitive,
special or consequential damages (including - without limitation - lost
profits, lost savings, business interruption, costs related to the removal
or replacement of any products or rework charges) whether or not such
damages are based on tort (including negligence), warranty, breach of
contract or any other legal theory.
Notwithstanding any damages that customer might incur for any reason
whatsoever, Nexperia’s aggregate and cumulative liability towards customer
for the products described herein shall be limited in accordance with the
Terms and conditions of commercial sale of Nexperia.
Right to make changes — Nexperia reserves the right to make changes
to information published in this document, including without limitation
specifications and product descriptions, at any time and without notice. This
document supersedes and replaces all information supplied prior to the
publication hereof.
Suitability for use — Nexperia products are not designed, authorized or
warranted to be suitable for use in life support, life-critical or safety-critical
systems or equipment, nor in applications where failure or malfunction
of an Nexperia product can reasonably be expected to result in personal
injury, death or severe property or environmental damage. Nexperia and its
suppliers accept no liability for inclusion and/or use of Nexperia products in
such equipment or applications and therefore such inclusion and/or use is at
the customer’s own risk.
Applications — Applications that are described herein for any of these
products are for illustrative purposes only. Nexperia makes no representation
or warranty that such applications will be suitable for the specified use
without further testing or modification.
Customers are responsible for the design and operation of their applications
and products using Nexperia products, and Nexperia accepts no liability for
any assistance with applications or customer product design. It is customer’s
sole responsibility to determine whether the Nexperia product is suitable
and fit for the customer’s applications and products planned, as well as
for the planned application and use of customer’s third party customer(s).
Customers should provide appropriate design and operating safeguards to
minimize the risks associated with their applications and products.
Nexperia does not accept any liability related to any default, damage, costs
or problem which is based on any weakness or default in the customer’s
applications or products, or the application or use by customer’s third party
customer(s). Customer is responsible for doing all necessary testing for the
customer’s applications and products using Nexperia products in order to
avoid a default of the applications and the products or of the application or
use by customer’s third party customer(s). Nexperia does not accept any
liability in this respect.
Export control — This document as well as the item(s) described herein
may be subject to export control regulations. Export might require a prior
authorization from competent authorities.
Translations — A non-English (translated) version of a document is for
reference only. The English version shall prevail in case of any discrepancy
between the translated and English versions.

Trademarks
Notice: All referenced brands, product names, service names and
trademarks are the property of their respective owners.
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