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Introduction

This document is a proposal from MSTC concerning rating issue of Zener diodes used as safety components in intrinsically safe protected circuits. 
This document has been prepared for discussion during the Calgary 2012 ExTAG Technical Meeting.
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Determination of zener diode rating
The rating of zener diodes is normally determined with the zener assembly mounted in situ on the printed circuit board, with only one zener being connected to the test circuit and the remaining zener or two zeners disabled by cutting open one of their leads. The zener remaining in circuit is then subjected to a temperature rise test at one or more values of input power. The input power is usually within the manufacturer rating. The zener lead temperature, the ambient temperature and the dissipated power are recorded after stabilisation
It has become evident that there are at least two methods that are being used to determine the power rating of the zener and these two methods yield differing results that may be significantly different.

The aims of this discussion paper are:

· identify which of the two methods is correct, 
· identify an alternative method if both methods are incorrect, or 
· make adjustments to any of the methods if only partially incorrect and can be corrected.

Terms and Symbols used throughout this document
PD is the dissipated power in W.

ΔT is the difference between the measured temperature (with a maximum of 200 °C from the above curve) for a given input power and the reference ambient temperature (40 °C in this case) with a maximum ΔT (for the above curve) = 200 °C – 60 °C = 160 °C. 

θla is the lead to ambient thermal resistance in °C/W.

θjl is the junction to lead thermal resistance in °C/W.

θJae is the junction to ambient thermal resistance though encapsulation in °C/W.

θlae is the lead to ambient thermal resistance through encapsulation in °C/W

Tj is the junction temperature and Tjmax is the maximum junction temperature.

Ta is the ambient temperature.

Method 1: This method is common for both encapsulated and un-encapsulated zener assemblies.
With the manufacturer de-rating curve, as in the figure 1 below, used as a template.

Figure 1.
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The power versus temperature recorded during the temperature rise test are plotted on the manufacturer de-rating curve as shown in the example Figure 2 below. The ambient temperature is established (requested ambient temperature or the standard reference temperature of 40 °C). 

Figure 2
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 The power rating of the zener is then taken as being the point where the plotted curve referenced to the ambient temperature (40 °C in the above example) intercepts the manufacturer’s curve. In the above example the power rating is approximately 3 W. The 2/3 power rating of the zener is then 2/3 of 3 W = 2 W. 
Mehod 2:
This method is identical to “method 1” in all aspects except for the determination of the power rating which does not consider the rating of the zener necessarily lying within the manufacturers de-rating curve. 
The zener rating is determined as PD = ΔT /θla and hence is dependant only on θla. 
θla is then calculated from the test data obtained in a temperature rise test. In the temperature rise test a thermocouple is placed on the lead (approximately 5 mm from the body of the zener and 3 mm from the PCB in this example). Using the same data as for method 1 testing, the measured temperature was 137 °C for a power dissipation of 3.37 W. 
θla = (137 °C – 40 °C)/3.37 W = 28.78 °C/W and the power rating PD = ΔT /θla = 160/28.78 = 5.56 W and the 2/3rd rating at which the zener must operate as a safety component is therefore 3.7 W.

Discussion:

It seems “method 1” is too onerous especially when the zener assembly is fully encapsulated in a relatively thermally conductive compound and “method 2” may not be realistic as it does not take account of the Junction to Lead temperature or the Junction to Lead thermal resistance.  
It has been argued that the 25°C /W derating curve is given based on a zener in free air with the assumption of an “infinite heatsink“  situated at 10 mm of lead length from its body (thermal flow exclusively via the leads) and hence this curve can only be used for a zener mounted in free air.

However, an encapsulated diode does not conduct heat only through the leads to the PCB, but also through the encapsulation surrounding it and also via its leads (another heatsink) and therefore the length of the lead may become much less important. It can be argued in this case that the use of the datasheet junction-lead thermal resistance for zero mm lead length to heatsink may be more appropriate.   This increased thermal flow causes θjl to become smaller and hence a modified derating curve should apply starting with zero Watt at the maximum junction temperature of 200 °C and rising towards the maximum rating of the zener at a rate much less than the 25°C /W (eg. 16°C /W).

To investigate the effect of encapsulation on a 5 W zener the 1N5339B zener diode was subjected to test. There were two tests, one with a zener in free air and one with the zener encapsulated. The sample zeners were mounted on identical PCB’s. A 6 mm hole was drilled in the encapsulation to allow for the soldering of a thermocouple onto the lead at approximately 5 mm from the zener body and 3 mm from the PCB. This resulted in the results plotted below in Figure 3

Figure 3
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Going by “method 1” it can be seen from the purple  curve in Figure 3 that the un-encapsulated zener has a rating of approximately 2.1 W and from the yellow curve that the encapsulated zener has a rating of 3.0 W.

When “method 2” is used:

· the un-encapsulated zener rating is calculated as 2.33Wx160°/(161.3-40)° = 3.07 W (where 161.3° and 2.33W are the measured temperature and the corresponding dissipated power for the un-encapsulated zener)

· the encapsulated zener is calculated as 3.114x160°/(128.9-40)° = 5.6 W (where  128.9° and 3.114W are the measured temperature and dissipated power for the encapsulated zener).
From the same data relating to the above graph, the thermal resistance of the un-encapsulated zener may be determined as 121.3 °C/2.33 W = 52.06 °C/W and that of the encapsulated zener as 88.9 °C/3.114 W = 28.55 °C/W.
· It may be appropriate to rate the zener according to its junction temperature limited to 200 °C (and not to its lead temperature limited to 200 °C). Using the Motorola or the SGS-Thomson 1N5333B through 1N5388B datasheets by applying the datasheet lead thermal resistance of 16°C/W for lead length to heatsink of approximately 8 mm to the un-encapsulated zener, the junction temperature can be calculated for a power dissipation of 2.33 W as 161.3° + 2.33W x 16°C/W = 198.58 °C and its rating according to “method 2” can be calculated 2.33Wx160°C/(198.58-40)°C = 3.34 W (where 161.3° and 2.33W are the measured temperature and dissipated power for the un-encapsulated zener)
For the rating of the encapsulated zener, assuming θjl is reduced by the same thermal resistance reducing θla when the zener is encapsulated, θlae and θjae may be considered equal and calculated from the values of the measured lead to ambient thermal resistance with and without encapsulation as represented in the diagram below.
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From the previously determined thermal resistances of 52.06 °C/W without encapsulation and 28.55 °C/W with encapsulation (being the equivalent thermal resistance of θla in parallel with θlae),  it can be said that 52.06xθlae/(52.06+θlae) = 28.55 which results in a θlae of 
63.22 °C/W which also means θjae is of 63.22 °C/W and the total junction to ambient thermal resistance may be calculated as θjae//(θjl+(θla//θlae)) = 63.22//(16+28.55) = 26.13 °C/W and the power rating of the encapsulated zener equal to (Tjmax-Ta)/26.13 °C/W = 6.12 W.

Note.

The rating may come out to be greater that 5 W for encapsulations with very good thermal conductivity (as in the above example). In such case the maximum zener current specified by the manufacturer will be exceeded and hence if this is not to be exceeded the zener rating may need to be considered to have the absolute maximum rating of 5 W. 
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