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Abstract 
Market penetration of variable-frequency drives (VFD) continues to grow from year to year. Nowadays 
VFDs are widely used in many industrial applications. For some applications, such as paper production, 
mining, the rubber industry, etc., it is conceivable that power semiconductors are exposed to the impact 
of corrosive gases. In this publication, an overview of existing standards, covering exposure to corrosive 
gases, will be given. Typical application conditions with a high concentration of H2S gas are linked to 
ISA-S71.04-2013 categories and to the specifications of the laboratory test. The test results of the new 
H2S-protected IGBT modules will then be introduced. 
 
 
 

1 Introduction 

Corrosion, in general, is caused by a chemical reaction between a metal and external substances, 
occurring at the interface of the metal and the environment. For electronic components, the most harmful 
substances are acidic gases. The situation may deteriorate if there are fluctuations in temperature or 
humidity, which can lead to condensation and the formation of conductive solutions on and in electronic 
components. In this paper, we will focus only on the impact of hydrogen sulfide (H2S) as the most critical 
corrosive contaminant for power semiconductors. IGBT modules in the operation mode are usually 
heated up to high temperature levels. This factor, together with the possibility of relatively high humidity 
levels in the application, applied voltage, and hydrogen sulfide contamination, will trigger the growth of 
Cu2S crystalline, conductive structures in the trenches of the direct copper bonded ceramic substrate 
(DCB). In the worst case, this can cause a short circuit. The mechanism is identified as the main failure 
caused by operating an IGBT module in corrosive atmospheres. This statement is well supported by 
tests and analyses of failed modules returned from the field. 
 
It is not possible in all industrial facilities to implement proper air ventilation or temperature and humidity 
control in the area where VFDs are installed. It is also a question of price, which the end customer must 
pay for the new installations and their maintenance. The effort and costs of designing a hermetic cabinet 
for the inverter are also quite high. The industry requires a cost-effective plug-and-play solution to protect 
the inverter. The demand for corrosion-protected IGBT modules (in the relevant applications) is growing. 
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2 Environmental noxious gas concentrations as described in 
international standards 

There are different sources of information related to the description of harmful contaminant 
concentrations as occurring under real life conditions in the framework of standardization. One is the 
group standard IEC 60721, which is applicable for a broad set of application environments according to 
its sub-standards. The other source is ISA standard 71.04, which applies to “environmental conditions for 
process measurement and control systems”. A brief comparison is given in the following section of this 
chapter. 
 
IEC 60721-1 [1] contains a generic list of environmental parameters and their severities. Chemical 
substances are listed (salt, SO2, H2S, NOx, O3, NH3, Cl, HCl, HF, hydrocarbons) and severities for 
concentrations are proposed, however, no reference is made to application cases. This gap will be 
closed in the following subchapters IEC 60721-3-1/2/…6 [2] that contain classifications for different 
operational applications. For chemically active substances, the mean and maximum values are listed 
depending on the severity (class C1…C4). Each subchapter contains a table with distinct values for the 
maximum concentrations and for classes higher than C1, also including average concentrations. The 
concentrations that describe the severity of each C class generally do not differ by application: see 
example “H2S” shown in Figure 1. 
 

 

Figure 1 Bandwidth (mean…max value) of H2S concentrations according to  
IEC60721-3-1/2/3/4/5/6: With one exception (“-6: ships: C2 and C3 class), the C-classes 
do not differ by application, which is also true for other contaminants. 

To get a rough idea of the kind of environment the chemical classes refer to, the descriptive section in 
the annex of IEC60721-3 is helpful. For example, for stationary, weather-protected applications, the C1 
class generally represents “locations in rural and urban areas with (low/moderate) industrial activities or 
with moderate traffic” (see IEC 60721-3-3 annex A.3.3). The subsequent C2 class describes “locations in 
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urban areas with industrial activities or with heavy traffic”. Higher classes such as C3 and C4 are only 
found in the vicinity of sources that emit specific chemicals. Therefore, the combination of all 
contaminants needs not to be considered for C3 and C4. 
 
The approach defined in ISA Standard 71.04 [3] is different. For airborne gaseous contaminants, the 
severity level of an environment is classified by measuring the corrosion rate (corroded film thickness 
normalized to 30d exposure) of Cu and/or Ag coupons, which is defined as the “reactivity level” of the 
environment. Different grades are classified: mild, moderate, harsh and severe. In Table B1 of ISA 
71.04, gas concentrations are published which “are believed to approximate the reactivity levels”. 
 
For the purpose of comparing the gas concentration levels between both standards, class C2 from  
IEC 60721-3 has been chosen, as it is the highest class for which the mixture of gases must be 
considered, which also applies to ISA 71.04. Table 1 provides an overview of the concentration levels 
from which a selection of four contaminants were chosen that are likely to appear together, and which 
have a corrosive impact on metals. The comparison of the maximum values reveals that for SO2, H2S 
and Cl2, the C2 concentration values of the IEC standard correspond to “severe” (GX level) in the ISA 
standard. This is surprising because C2 allegedly represents urban areas. It is an indication that the 
concentrations given for chemical classes in the IEC 60721 standard somehow overestimate real-life 
conditions, or else the concentrations presented by ISA 71.04 are too low. 
 
For the purpose of reliability engineering, we will therefore focus on the reactivity level. The target is to 
obtain representative values for different use cases including polluted environments. In the next step, 
qualification testing with regard to harmful gas concentration is performed under accelerated conditions. 
The relevant measure of acceleration is the ratio of reactivity levels. Details of the methodology have 
been explained in the literature [4]. 
 

Table 1 Comparison between harmful gas concentrations according to class 3C2, 
representing urban areas, and the available classes from ISA 71.04 standard. In 
addition, the reactivity levels from the ISA standard are listed. 

 Class from  
IEC 60721-3 

Class from ISA-71.04 Comparison of concentration values 

3C2 G1 
“Mild” 

G2 
“Moderate” 

G3 
“Harsh” 

GX 
“Severe” 

 

Copper (silver) 
reactivity level 
[Å/30 days] 

 < 300 
(< 200) 

< 1000 
(< 1000) 

< 2000 
(< 2000) 

≥ 2000 
(≥ 2000) 

 

Gas type Mean c 
[ppm] 

Max c 
[ppm] 

Max c  
[ppm] 

c 
[ppm] 

 

SO2 0.11 0.37 0.01 0.1 0.3 ≥ 0.3 IEC 60721-3 C2 in regime ISA GX 
“severe” 

H2S 0.071 0.36 0.003 0.01 0.05 ≥ 0.05 IEC 60721-3 C2 strongly in regime  
ISA GX “severe” 

Cl2 0.034 0.1 0.001 0.002 0.01 ≥ 0.01 IEC 60721-3 C2 strongly in regime  
ISA GX “severe” 

NOX / NO2 0.26 0.52 0.05 0.125 1.25 ≥ 1.25 IEC 60721-3 C2 between G2 “moderate”  
and G3 “harsh” 
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3 Classification of environmental conditions in terms of exposure to 
corrosive gases using copper coupon tests 

Originating from geothermal activity, hydrogen sulfide is also usually a by-product of various industrial 
applications. These include oil and gas processing, mining, rubber and tire production, pulp and paper 
industry, smelters, etc. As discussed in the previous chapter, a method for monitoring chemical activity 
(reactivity level) will be used to quantify the level of corrosion potential and possible impact of H2S gas 
on IGBT modules. In such tests, copper and silver coupons are placed in the ambient surroundings, 
which are studied for a defined period of time. Afterwards, a laboratory analysis of the films formed on 
the samples is carried out. These layer thicknesses are measured in Å (equal to 10−10 m), normalized to 
30 days of impact. Table 2 shows severity levels of the environment for different applications according 
to the ISA 71.04 standard. 
 
Only at the G1 severity level, there is no impact on the reliability of electronic components caused by 
corrosive gases. From the G2 to the GX level, the probability of a failure due to harsh environmental 
conditions rises dramatically. Information that has been collected under severe application conditions 
supports a classification at the upper limit of G3 or the lower limit of GX (i.e. reactivity level 2000 Å). 
Reference [4] describes the way in which the humidity level, the concentration of H2S, and voltage can 
influence the growth of copper sulfide dendrites. Furthermore, an acceleration model was developed to 
enable the comparison of consumption of semiconductor modules in applications of different severity 
levels. 
 

Table 2 Some application-relevant severity levels according to ISA 71.04. 
Application Severity level 

according to  
ISA 71.04 

Equivalent H2S 
concentration1) 

Summary 

Steel 
production 

G2 3 to 10 ppb Corrosion may be a factor in 
determining equipment reliability 

Pulp and  
paper no.1 

G2 3 to 10 ppb Corrosion may be a factor in 
determining equipment reliability 

Pulp and  
paper no.2 

G3 10 to 50 ppb High probability that corrosive 
attack will occur 

Oil and  
gas no.1 

G3 10 to 50 ppb High probability that corrosive 
attack will occur 

Oil and  
gas no.2 

GX > 50 ppb Only specially designed and 
packaged equipment would be 
expected to survive 

1) According to ISA-71.04-2013, Annex B, Table 1 

 
The proposed test is designed to qualify for operation under conditions classified by reactivity level  
2000 Å. As seen in Table 2, the HV-H2S test can cover a wide range of industrial applications, and 
therefore provides a quantitative approach to assessing the reliability of IGBT modules, working under 
harsh H2S contamination. 
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Figure 2 Inner structure of a standard EconoPACK™+ module, implemented under chemically 
aggressive conditions. 

Figure 2 shows an enlarged picture of the trench on the DCB of the standard EconoPACK™+ module 
implemented as part of a drive in an oil & gas plant where the inverter was exposed to a high 
concentration of hydrogen sulfide. Cu2S dendrite growths points are clearly visible at the edge of the 
copper. These electrically conductive structures can lead to a short circuit at the DCB level and to further 
failure of the entire IGBT module. 
 
 

4 HV-H2S test results of IGBT modules in EconoPACK™+ packages 

As described in the previous chapter, the growth of copper-sulfide dendrites (and subsequent bridging of 
the DCB layout) is the main failure mechanism for power modules affected by H2S. For investigating the 
impact of this corrosive gas on IGBT modules, the EconoPACK™+ D series package was selected. It 
has the largest inner copper-covered area of the entire Econo portfolio, and is therefore more exposed to 
the hydrogen sulfide. The test was performed under the conditions shown in Table 3. 
 
In this method, the parameters were chosen for a relatively high acceleration. At the same time, the rH 
and temperature levels were kept within the existing H3TRB specifications. The duration of the test was 
adequate for detecting the weaknesses of the tested module in relation to hydrogen sulfide. 
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Table 3 Test conditions for H2S-resistance verification (HV-H2S test) developed by Infineon. 
Temperature 85°C 
Relative humidity 85% 
Test duration 30 d (720 h) 
Bias voltage 600 V for modules with Vces = 1.2 kV 

1000 V for modules with Vces = 1.7 kV 
H2S concentration 50 ppm 
 
Voltage was added as an important stress factor, which accelerates the speed of copper dendrite growth 
in the trenches of the DCB layout. Bias DC voltage was applied continuously to the high or low side of 
the tested modules (as seen in Figure 3). The level for the test was chosen in accordance with typical 
conditions of real applications. H2S concentration was set at 50 ppm. For higher values, a saturation 
effect of the coupon mass gain was observed, therefore the level was more than sufficient for this 
accelerated test. 
 

 

Figure 3 Connection scheme for bias voltage. 

For ease of comparison, the standard IGBT module was compared to an improved one (both after  
HV-H2S testing). After the test, the lid was removed from the module. The standard module (after lid 
removal), tested under the conditions shown in Table 3, is depicted in Figure 4. 
As can be seen from the picture, the entire copper-covered DCB area is blackened, and the bridging 
Cu2S dendrites can be clearly seen in the DCB trenches. To protect IGBT modules from the potentially 
dangerous consequences of working in harsh H2S gas environments, Infineon has introduced a new 
packaging concept in the market. The new package was tested under the same conditions as the 
standard one represented in Figure 4. 
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Figure 4 IGBT module in EconoPACK™+ package after 720 h of HV-H2S test. 

The EconoPACK™+ module with the new package concept (with removed lid) after the HV-H2S test is 
shown in Figure 5. 
 
 

 

Figure 5 Inner structure of the new H2S-protected IGBT module after 720 h of the HV-H2S test. 

The copper metallization on the DCB is not discolored. The optical microscopy of the DCB trenches 
shows no Cu2S dendrites, which proves the efficiency of the newly introduced packaging modifications. 
These results indicate that the module can survive over 20 years of operation under the upper limit of the 
G3 severity level according to the ISA 71.04 standard. If the application conditions represent the G2 
class (< 1000 Å of copper reactivity level), then the H2S-protected module can perform for more than 40 
years under such a conditions. 
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5 Rollout of the technology to other Econo packages 

The package concept for resistance to H2S is not only applicable for EconoPACK™+, but for all Econo-
type packages. In Figure 6, the HV-H2S test results of the standard module in EconoPIM™ 2 package 
are presented. 
 
The same signs of gas exposure that were described in the previous chapter can be seen here as well. 
The copper on the DCB turned black, and thin dendrite structures crossed the trench (marked by red 
oval shapes). 
 
Figure 7 represents the same area of DCB, but in this case of the H2S-protected module in an 
EconoPIM™ 2 package. No blackish areas and no dendrites can be observed. The technology itself 
works well in all Econo packages, which is well supported by the tests. 
 

 

Figure 6 IGBT module in EconoPIM™ 2 package after 720 h of HV-H2S test. 

The new advanced H2S protective package technology is a plug-and-play solution, since neither the 
electrical, thermal, or mechanical parameters of the module have been changed. This allows inverter 
manufacturers with minimal effort to extend the lifetime of their products if operating under harsh 
environmental conditions. Additionally, no extra qualification is required at the customer side, since the 
modules have the same properties and performance as standard ones. 
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Figure 7 IGBT module in H2S-protected EconoPIM™ 2 package after 720 h of HV-H2S test. 

H2S-protected Econo modules include the suffix “_B80” (for solder-pin terminals) and “_B81”  
(for PressFIT pins) in the type designation. 
 

6 Summary 

An IGBT module is one of the main components in any inverter system. Its failure leads to significant 
financial expenses and undesirable downtime of equipment. This paper shows that operating IGBT 
modules in the vicinity of hydrogen sulfide contamination could fairly quickly lead to their failure. Cu2S 
dendrites bridging the DCB trench were identified as the main root cause of such a failure. An overview 
of typical applications with a relatively high concentration of hydrogen sulfide gas was provided. The 
new, advanced H2S protective package technology for the Econo family has been successfully qualified 
in the HV-H2S test. The lifetime of 20 years under the upper limit of the G3 severity level according to 
ISA 71.04 was calculated for these hydrogen sulfide-protected modules. This sufficiently covers the 
demand required for the applications. At the same time, the new devices offer the same performance as 
standard ones in the same package, providing the end customer with flexibility in choosing components, 
in reducing the design-in effort, and in allowing the use of power semiconductors in harsh environmental 
conditions. 
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