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Abstract 

 

        The impact of H2S on the corrosion of Cu electrodes under applied bias is investigated for a test structure 

that simulates the conditions in a power module. Growth of Cu sulphide dendrites is identified as the 

predominant aging mechanism, and the influence of the main impact parameters such as humidity, concentration 

and voltage is modelled. The concept of reactivity monitoring of Cu coupons is applied to a proposed test 

condition, and the acceleration compared to a standardized operational condition is explained. 

  
 

1. Introduction 
 

Frequency inverters are introduced in almost all 

fields of industry and applications such as mining, 

pulp and paper production, rubber vulcanization, etc. 

that are liable to emit enhanced concentrations of 

corrosive pollutants. Other harsh conditions may 

imply a high content of humidity and temperature 

changes that could enable condensation inside of 

components. The interaction of power electronic 

components with such chemically aggressive 

conditions is still a field hardly covered by research. 

Recently, effects have been reported that point 

towards the formation of dendritic structures if 

humidity, sulphurous atmosphere and electrical 

voltage are imposed on ceramic substrates with a 

metallization structure [1]. 

In their contribution referred to in [2], Rockwell 

engineers criticize the insufficient way in which the 

validation of components for a certain field lifetime 

is covered by standards. They highlight two aspects: 

- Contaminant concentrations that are supposed 

to represent operational conditions differ to a high 

extent when IEC 60721-3-3: table 4 data [3] are 

compared to the ISA 71.04 standard [4]. The result is 

that what IEC 60721 regards as typical for a normal 

“urban area” is assigned to a “severe” environment 

according to ISA 71.04. 

- There is no standardized prescription to 

correlate test conditions against operational 

conditions. The authors propose using the “reactivity 

level”, defined as corrosive film thickness growth, as 

a figure of merit for acceleration. 

To date, there is no international standard 

available dedicated specifically to noxious gas 

reliability testing of power modules. Available 

standards (such as IEC 60068-2-43, 60068-2-60, 

ASTM B845 and B827) mainly address the 

durability of contacts and connections. In this paper, 

we focus on the effects of accelerated single gas H2S 

tests including voltage as a stress parameter. We 

identify a fatigue mechanism (Cu sulphide dendritic 

growth), which differs from the pure electrochemical 

migration explained in [1], but matches observations 

from field modules that run under harsh 

environmental conditions. Chapter 2 explains 

accelerating mechanisms. Based on this, Chapter 3 

suggests a test methodology for power modules 

using hydrogen sulphide as a corrosive gas based on 

IEC 60068-2-43, but at intensified stress parameters 

and using the reactivity level approach to identify 

and define the severity of the test. 

 

2. Noxious gas-induced corrosion mechanisms in 

industrial power modules 
 

2.1. Field experience  

 

If modules that aggregated several years of field 

operation are returned and analyzed to find fatigue 

effects, the typical mechanism found in general is the 

fatigue of bond wires and solder layers as a 

consequence of thermomechanical aging. These 

mechanisms are well understood, and suppliers 

publish acceleration models such as power cycling 

curves to support the design of inverter systems for a 

long lifetime. 

In some cases, also deterioration of isolation 
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paths by dendritic structures is observed when there 

are indications that the applications were run under 

atmospheric conditions with high pollutant 

concentrations. An example is shown in Figure 1 

where typical contamination signatures on the 

outside of an IGBT module (left) and characteristic 

dendrite structures on a Cu-plated DCB inside of a 

module (right) are displayed. 

 

2.2. Simulation of dendrite growth by laboratory 

testing 

 

The findings explained in the preceding chapter 

are a consequence of the susceptibility of Cu to 

sulphidic corrosion and sulphide dendrite growth. It 

is known from many works on atmospheric 

corrosion of Cu and Ag that sulphide films are 

formed dependent on gas concentration and relative 

humidity of the environment [5], [6]. On the other 

hand, these tests do not result in characteristic 

dendrite structures. As an important modification, 

voltage is added as a stress factor in our 

investigations. 

Special structures serve as test devices that allow 

the investigation of the impact of isolation distance 

on electrochemical effects. For this purpose, a Cu 

circuit with comb pattern is designed that has two 

regimes characterized by two different trench widths 

wT as shown in Figure 2. 

The accelerated H2S test is performed at 

T=40°C/rH=93%/50 ppm H2S and three different 

voltages for a duration of 21 days. These are 

significantly harder conditions than recommended in 

the H2S test standard IEC 60068-43 (T=25°C/ 

rH=75%/15 ppm H2S) to enable strong acceleration. 

Special care is taken to enable free gas flow around 

the samples at an exchange rate of 3-10/h. 

All samples withstand testing up to the highest 

voltage of 1000 V. After exposure, the devices are 

analyzed and the length of dendritic structures is 

measured in predefined regimes of the samples to 

keep all results comparable. Due to the scattering 

nature of dendrite growth, a statistical evaluation is 

needed as presented in Figure 3. The inset shows a 

characteristic dendrite and the way in which the 

single dendrite length LD,i is measured. 

The accelerating impact of voltage is obvious, 

which is modelled in more detail in the following 

chapter. On the other hand, there is hardly a 

significant impact of wT on the absolute length of 

dendrites. This is unexpected in light of the voltage 

dependence. There are two possible explanations: a) 

The peak electric field strength does not scale with 

wT because it mostly depends on the microscopic 

radius of the Cu edges and dendrite tips. b) There are 

competing mechanisms because a wider wT 

decreases electric field strength, but opens a larger 

regime between the Cu electrodes in which H2S 

molecules are captured. Of course, a wider trench 

still leads to higher overall robustness, as it takes 

longer until dendrites bridge the gap.  

 

2.3. Acceleration modelling for test structure  

 

The experimental method proved successful for 

quantitative assessment of Cu-sulphide dendrite 

growth. Therefore, a broader design of experiment 

was set up to enable the first approximation of an 

acceleration law. The structure of the DoE is 

reviewed in Table 1. As already mentioned, in each 

test run, three voltages and two trench widths are 

applied. Furthermore three test runs at different 

levels of rH are performed starting at rH=60%, 

which is reported to be a humidity threshold for the 

inset of corrosion, as the formation of water 

Fig. 1. Outer pollution visible on terminals (left); typical 

dendrite patterns after exposure to harsh environmental 

conditions including corrosive gases 

 
Fig. 2. Cu comb pattern of test structure: trench width ~750 

µm (~1450 µm) in left (right) half of the structure 

 
 
Fig. 3. Dendrite length distribution for large and small 

trench, rH=80% and 93% and three different voltages. 

Inset: typical measurement of dendrite length LD and 

trench width wT. 



 

 

monolayers starts above rH=60% [5]. The 

concentration is varied from 50 ppm down to 10 ppm 

to explore whether saturation effects take place. 

Temperature variation is out of scope of this 

investigation. 

 
group cH2S 

[ppm] 

rH 

[%] 

t 

[d] 

UDC 

[V] 

wT 

[µm] 

A 50 60 10/21 15/ 

500/ 

1000 

750/ 

1450 B 50 80 10/21 

C 50 93 10/21 

D 50 93 10 500/ 

1000 E 25 93 10/20 

F 10 93 10/15/25 

Table 1: Test plan for acceleration modelling of Cu-

sulphide dendrite growth; for each test condition 4 samples 

are stressed and 2 regimes per sample and per trench width 

are assessed ( 8 data points per stress condition). 
 

The typical appearance of Cu sulphide dendrites 

is shown in Figure 4. The pictures are taken for the 

large trench width, as dendrites start to bridge the 

gap for the narrow trench under the harshest 

conditions (rH=93%/1000 V). 

It is evident that both voltage and humidity 

strongly accelerate the growth of dendrites, and that 

the mechanism leads to anodic growth. The 

underlying sub-processes are schematically depicted 

in Figure 5. H2S and humidity diffuse into the 

package and into the silicone gel. We do not assume 

that delamination between gel and ceramic are 

needed to aggregate water, but that micro-droplets 

can form in the gel matrix. H2S dissociates in these 

droplets (H2S⇌2H++ S-) and the sulphur ion migrates 

towards the anode where it forms Cu2S or CuS. 

In the following, acceleration laws for the 

dependency of dendrite length lD on rH and UDC are 

derived based on data from group A, B and C. In a 

first step, each dependency is analyzed 

independently of the other, and the best suitable 

fitting function is chosen. For lD=f(rH), a strongly 

non-linear behavior is observed. We select an 

exponential relation lD~exp(rH), which is 

supported by the assumed exponential dependence of 

formation of water monolayers on rH [6], [7], [8]. 

For lD=f(UDC), we compare the quality of fit data 

between exponential and power law dependence. 

Power law yields slightly higher R2 values (e.g. 0.91 

vs. 0.85 for large trench at rH=93%) and was chosen 

based on this empirical finding. 

The formula used for the final fitting of data 

points of group A, B, and C is given below:  

 lD=L0  exp( rH)  Uγ (1) 

 

To reduce the impact of scattering on the fitting 

the average LD,av across 10 neighboring dendrite 

lengths LD,i is taken as a fit parameter. The 2-

dimensional fit procedure is executed by the Excel 

solver function to minimize the sum of the square 

deviation [lD,av(meas)-lD(fit)]². Data for t=21 d are 

used, as the absolute length of dendrites is higher 

compared to 10 d which reduces the uncertainty in 

measuring lD. Figure 6 reviews how the distinct fit 

values match the scattering LD,av from measurement. 

The following range for the accelerating parameters 

in (1) is found: 

 
wT [µm] α γ  

750µm 0,10…12 0,73…0,74 

1450µm 0,14…0,16 0,53…0,60 

Table 2: Range of  and γ according to equation (1) 

 

In the second part of the DoE, the concentration 

is varied from 10 ppm to 50 ppm to check for 

saturation effects. All test runs are conducted at 

rH=93%, since the previous tests show that this leads 

to the longest dendrite lengths lD. The time steps in 

groups D, E, and F are chosen to allow comparison 

between test runs with the same overall H2S dose ct 

in [ppmd] (i.e. 50 ppm/10 days vs. 25 ppm/20 days; 

and 25ppm/10 days vs. 10 ppm/25 days). 

In a first step, the mass gain rates on Cu coupons 

 
Fig. 4: Dependence of dendrite occurrence on voltage and 

relative humidity rH for large trench width after stress test 

with 50 ppm H2S for t=21 d 

 
Fig. 5: Schematic of electrochemical processes leading to 

dendrite formation on anode 



 

 

in the three test runs D, E and F are evaluated as a 

function of H2S concentration. Details of the 

reactivity monitoring by Cu coupons are explained in 

section 3.2. According to Figure 7, the rate more 

than doubles from 10 to 25 ppm, so that a close to 

linear behavior is expected in this range, well in line 

with earlier findings in the ppb concentration range 

[9]. From 25 to 50 ppm, the mass gain rate remains 

practically constant, pointing at a saturation behavior 

with turning point between 25 and 50 ppm. 

Also for dendrite growth, there are indications 

for saturation behavior. While for test run D (50 

ppm, 10 d) and E (25 ppm, 20 d) the overall H2S 

dose ct [ppmd] on the devices is the same, this does 

not hold for the length of dendrites in large trenches 

at 1000 V according to Figure 8. In most cases, 

significantly longer dendrites are found after 20 d at 

25 ppm compared to 10 d at 50 ppm, which indicates 

a saturation of dependence on concentration. 

Equation (2) summarizes the overall reaction of 

the dendrite formation on a DCB from hydrogen 

sulphide: 

H2S ⇌ … ⇌ 2H++ S2–; Cu → Cu++e– / Cu2++ 2e– 

 2Cu+/Cu2++ S2–→ Cu2S/CuS (2) 

 

Although this reaction cascade will yield a more 

complicated reaction rate equation, we use the 

simplified saturation curve equation:  

 

mD=M0 (k  c(H2S))/(K+ c(H2S)) (3) 

 

Instead of the dendritic length lD we assess the 

growth rate mD=lD/t [µm/d], as the normalization to 

test-run time allows analysis of data of all test runs 

and readout times together. Other saturation curve 

formulae may yield comparable goodness of fit. We 

again first analyze the concentration dependency in a 

one-dimensional fit (Figure 9: Example of small 

trench at U=1000 V). For the multi-dimensional fit 

procedure, equation (1) is transformed from dendritic 

length to growth rate, and extended by the 

concentration dependence (3) 

 

mD=M0 exp(α rH) Uγ
 (k c(H2S))/(K+c(H2S)), (4), 

 

and the sum of the square deviations is minimized. 

The result for the example of small trench width is 

shown in Figure 10. The following range for the 

accelerating parameters in (4) is found: 

 
wT 

[µm] 
α γ  k K 

750µm 0,11 1,15 (3.4-4.4) 10-5 29-31 

1450µm 0,13 0,97 (2.6-3.5) 10-5 31-33 

Table 3: Range of , γ, k, and K according to equation (4) 

 

The extension of the data set by the 

concentration-dependent experiment leads to a shift 

of γ compared to Table 2. Although we have based 

the present modelling on available knowledge about 

the mechanism of sulphide dendrite formation, it is 

to be regarded as empirical. An analytical approach 

to the underlying reaction kinetics may yield a better 

 
Fig. 6: Comparison between measured average dendrite 

length and prognosis by parametrized FIT function (1) for 

t=21d and large trench width 

 

 
Fig. 7: Mass gain rates of copper coupons in test runs D, E, 

F; Inset: coupon after test 

 
Fig. 8: Dendrite occurrence in 50 ppm and 25 ppm tests 

with same overall dose ct (large trench, 1000 V); (blurry 

bright spots are image artefacts) 

 
Fig. 9: Top: concentration-dependent fit of dendrite growth 

rate (small trench, U=1000 V): median and 25% 

respectively 75% quantile) 



 

 

model and corresponding parametrization. In the 

following chapter, we describe and explain how we 

have derived a test for power modules based on the 

gained understanding using a pragmatic approach. 

 

3. Reactivity monitoring for correlation between 

test and real-life conditions 
 

Chapter 2 explains how, in principle, 

acceleration models can be built up for noxious gas 

stress on power components. Unfortunately, for a 

holistic description of field conditions, the amount of 

impact factors is frustratingly high. Individual mix 

gas concentrations, T and rH from the environment, 

self-heating effects, and air exchange rate all play a 

role in the overall stress. We propose a pragmatic 

approach to correlate test and lifetime for a set of test 

parameters that includes learnings from Chapter 2. 

 

3.1. Validation for enhanced harmful gas robustness 

 

To achieve an efficient acceleration that allows 

one to reproduce a long operational lifetime (target 

10 to 20 years) in a fast test, the following conditions 

are proposed and discussed: T=85°C, rH=85%, 

cH2S=50 ppm, U=VDC,application . 

As discussed at the end of Chapter 2 for 

concentrations >50 ppm, a saturation effect is 

observed for the corrosion rate, therefore cH2S can be 

limited to 50 ppm without a negative effect on the 

acceleration. T is set to an elevated value of 85°C to 

accelerate diffusion into the package and the silicone 

gel. Although temperature dependence has not been 

considered in this work, there are studies that clearly 

indicate that diffusion constants for sulphur increase 

at rising T [10]. rH is set to 85% to be in the regime 

of high acceleration according to Chapter 2.3. The 

couple [T;rH] is adjusted as in the standardized 

H3TRB testing (see e.g. IEC60749-5), and not 

higher, as overriding the conditions used for general 

humidity testing should be avoided in a product 

validation, as this may trigger other failure modes 

than the intended harmful gas mechanisms. 

The voltage is proposed to be at the expected 

level of the application, e.g. VDC=600 V for IGBT 

modules with VCES=1200 V. According to our 

model, the test structure would trigger dendrite 

lengths lD~100 to 130 µm within 21 d of testing, 

which is high enough to be sensitive for effects of 

harmful gases. 

 

3.2. Cu reactivity as a measure for acceleration 

 

To monitor the corrosion reactivity of the test 

atmosphere by Cu coupons, we prepare coupons 

following the methods described in IEC-60068-2-60 

[11] or ASTM-B810 (Cleaning Method 1) [12]. 

Time-dependence of corrosion rates has already been 

addressed in several studies [6], [9], [13]. According 

to ISA-71.04 [4], the corrosion layer thickness 

follows the following correlation: 

 

x1=(t1/t)A  x , where: (5) 

 

x1: corrosion layer thickness after t1=30 d 

x: corrosion layer thickness after time t [d] 

A: A=0.3 (G1); A=0.5 (G2); A=1 (G3, GX) 

G1…GX: Classification according to ISA 71.04: 

G1: mild (x1:≤300 Å), G2: moderate (x1:≤1000 Å), 

G3: harsh (x1:≤2000 Å), GX: severe (x1:≤2000 Å), 

 

In more general terms, this relation should be 

expressed using the (molar) amounts of substances, 

which are directly proportional to the masses of the 

corrosion products. Consequently, the time-

normalized mass gain rate under harsh or severe 

conditions (with A=1) is expected to remain constant 

at different exposure durations. Indeed the mass gain 

rates of Cu coupons at different readout times for test 

runs with stable conditions, as proposed in Chapter 

3.1, exhibit a constant behavior within the given 

limits of accuracy, as displayed in Figure 11. 

Assuming a linear growth behavior (A=1) for both 

real-life and accelerated test conditions enables the 

 
Fig. 10: Comparison between measured average dendrite 

growth rate and prognosis by parametrized FIT function (4) 

for small trench width 

 
Fig. 11: Cu coupon mass gain rate data from nine 

independent test runs with different readout times, in which 

test conditions are held constant. 



 

 

use of corrosion rates for scaling the test to target 

applications at severity levels G3 and GX. 

According to Morris et al. [2], 1 µg/cm² 

corresponds to a corrosion layer thickness of 120 Å. 

If test conditions as outlined in 3.1 are applied, the 

lower limit for the mass gain rate is 14 mg/(aread) 

(cf. Figure 11), being equivalent to 504.000 Å/30 d. 

Based on these transformation factors, the test 

exceeds the ISA-71.04 limit for condition G3 (harsh 

environment: ≤2000 Å/30 d) by an acceleration 

factor of 250. Figure 12 reviews the data. Thus, a 30 

d test could represent over 20 y operational lifetime 

under G3 conditions. 

 

4. Summary and outlook 

 

We have presented a first systematic approach to 

a parametrized modelling of Cu sulphide dendritic 

growth on DCB substrates in HV-H2S tests, a 

potential fatigue mechanism in power modules under 

conditions with high amounts of chemical 

contaminants currently not appropriately addressed 

in any standardized reliability testing methods. Our 

approach takes into account the parameters relative 

humidity, voltage and H2S concentration. We find a 

power law dependence for voltage, exponential 

growth for the increase of relative humidity, and 

saturation behavior in a concentration that sets in 

somewhere between 25 and 50 ppm H2S. 

For testing the products, we propose a pragmatic 

approach for correlation of test run time and 

operational lifetime. In tests with T=85°C, rH=85% 

and c(H2S)=50 ppm, corrosion rates with an 

acceleration factor of ≥250 compared to conditions 

of “G3 – Harsh” according to ISA-71.04 are found, 

allowing an approximated scaling of test run time to 

the target operational lifetime. We propose applying 

voltage in the range of typical application levels. 

These conditions are aggressive but suitable for 

noxious gas reliability testing, and have successfully 

supported product development at Infineon in 

distinguishing design measures for increasing the 

robustness of power modules under chemically 

aggressive conditions. 
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