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Electrostatic Discharge Phenomenon in Contact 
Discharge with a Micro-gap 

 

 
1. Introduction 

 The malfunction resistance test of electronic devices due to electrostatic discharge 
(ESD: ElectroStatic Discharge) from a charged human body is stipulated by the 
international standard IEC 61000-4-2 (ISO 10605 for automobiles). Originally, 
electrostatic discharge is an unstable air discharge through an air gap that involves the 
approach of a charged human body, but in order to obtain more stable test 
reproducibility, these standards mainly use the contact discharge method. The test is 
being conducted. This contact discharge is a rule for conducting rational tests, but it 
may exhibit characteristics that are significantly different from the actual air discharge. 

The ESD test is a high-speed transient phenomenon involving frequency components 
in the GHz band, and is known to be a very rigorous test for electronic devices, but it is 
even more rigorous under the peculiar circumstances that can occur with the contact 
discharge method. It has been confirmed that a discharge phenomenon occurs. 

In this article, I will explain this peculiar phenomenon and its mechanism. 

 
2. ESD Test and ESD Generator 

Unlike the air discharge from the human body, the ESD test mainly uses a more 
stable contact discharge method. In this contact discharge, the charge of the energy 
storage capacitor of 150 pF is applied to the discharge electrode that has been 
previously contacted with the specimen (EUT: Equipment Under Test) by the high 
voltage relay inside the ESD generator (gun) shown in FIG. , 330 Ω is applied through a 
discharge resistor. 

 

 
Fig. 1 Contact discharge operation 

 
 Compared to the air discharge that sparks in the air, this contact discharge is a very 
stable discharge because it energizes between the contacts that move at high speed in 
the high voltage relay filled with the inert gas of high pressure. (Even inside the 
high-voltage relay, minute discharges occur between the contacts). 

The standard stipulates the discharge current waveform in contact discharge, which 
is a stable discharge (Fig. 2). This discharge current waveform can be obtained by 
measuring the voltage drop with an oscilloscope using a 2 Ω current target mounted in 
the center of the ground surface of the 1.2 m square faraday cage shown in Fig. 3. The 
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discharge current waveform is formed by a first peak with a very fast rise of 0.8 ns and a 
gradual second peak. 

 

 
Fig. 2: IEC 61000-4-2 discharge current waveform specification 

 

 
Fig. 3: Discharge current calibration by Faraday cage  

 
Figure 4 explains the principle of discharge current generation consisting of the first 
peak and the second peak. The ESD gun, which consists of a 150 pF storage capacitor 
and a 330 Ω discharge resistor, contacts the current target of the Faraday cage and 
draws current as the high voltage relay is turned on. The current flows through the 
large ground plane of the faraday cage, through the 2 m ground return cable of the ESD 

gun, and back to the capacitor in route ②. The ground return cable has an inductance 
of approximately 2 µH, which causes a gradual rise, and this current path creates the 
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path for the second peak in Fig.4. The first peak, on the other hand, is caused by an 
invisible capacitor of a few pF, which is the parasitic capacitance between the ground 
surface of the faraday cage and the entire ESD gun. The discharge current of this 

parasitic capacitance becomes the current loop ① with a short discharge relay and 
discharge electrode, and since there is almost no inductance component, it becomes a 
stable waveform with a very quick rise of 0.8 ns. In this contact discharge, a current 
proportional to the applied voltage flows, but in the air discharge with the ESD gun and 
the air discharge from the charged human body that actually occurs, the rise time is fast 
at low voltage, and as the applied voltage rises The rise time becomes gradual, and the 
discharge current becomes a non-linear characteristic that reaches a plateau. 

 

 
Fig. 4: Principle of Discharge current generation  

 
3. Threat of Contact Discharge Phenomenon with Micro-gap 

The phenomenon described below basically occurs under irregular conditions. If there 
is a slight gap in the contact discharge that makes sure that the discharge electrode is 
in contact with the EUT, a current peak that is approximately twice that of the 
discharge current of a normal contact discharge will occur. In addition, the rise time of 
the first peak is about 3 to 4 times faster. This state is intended due to poor contact 
when the ESD gun is fixed with a stand, etc., application to the painted surface of the 
metal housing (Fig. 5), and secondary discharge when applied to the screws on the 
painted surface (Fig. 6). It may occur without. 
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Fig. 5:  Example of poor contact discharge 

of coated metal 

 
Fig. 6: Example of application to the 

threaded part of the coated metal surface 
 

In order to confirm these conditions and phenomena, the following experiments were 
conducted and verified. The electrode shape of the current target attached to the 
faraday cage for calibrating the ESD generator is a spherical shape that stabilizes the 
air discharge, and the discharge current was measured from 2 kV to 8 kV by using 
feeler gauges to provide gaps of 30 µm (0.03 mm), 50 µm, 100 µm, 200 µm, 500 µm, and 
1000 µm. (Fig. 7). 

 

 
 

Fig. 7: Measurement configuration of micro-gap discharge 

 

 
Figures 8 (a) to (e) show the first peak portion of the discharge current when each of 

these gaps is provided. The CONTACT shown here is the discharge current of the 
contact discharge specified in the standard.  This contact discharge rise time is 0.8 ns, 
which is 3 to 4 times faster and has a two-step waveform, and the first rise shows faster 
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characteristics. In addition, the current of the first peak is more than doubled. This 
tendency is such that the peak rises from 30 to 200 µm to 500 µm and 1000 µm, and the 
current peak becomes equivalent to that of contact discharge. These characteristics are 
only in the first peak part, and the second peak part is almost constant under all 
conditions (Fig. 9). 

 
Fig. 8: First peak waveform at each gap distance of 2 kV to 8 kV 

 
Fig. 9: Discharge current waveform at 8 kV (overall) 
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Based on these characteristics, Figure 10 shows a graph in which the horizontal axis 
is the applied voltage and the vertical axis is the discharge current of the first peak. It 
shows more than twice the current of contact discharge from 30 µm to 200 µm. However, 
at 500 µm, it is about 1.5 times, and at 1000 µm, the current characteristics are almost 
the same as contact discharge. The point where there is no low voltage plot here 
indicates that there was no discharge due to the relationship between the applied 
voltage and the discharge distance (gap). 

Next, it shows a graph with the horizontal axis as the gap distance Figure 11. A gap 
distance of 0 indicates the first peak current at contact discharge.  Characteristically, 
the discharge current increases up to a certain gap distance and decreases at longer 
distances. The results show that contact discharges through gaps of 500 µm or less are 
very rigorous tests for EUT due to faster rise times and increased peak currents. 

 

 
Fig.10 Peak current at each gap       

distance with respect to            
the applied voltage 

 
Fig. 11: Peak current at each applied    

voltage for the gap distance 
 

 
The peculiar phenomena up to this point are organized. 

・ For gap discharge at a distance of 30 µm to 200 µm, the discharge current of the first 
peak is more than double that of contact discharge. 

・ The peak current depends on the applied voltage and reaches its maximum at a gap 
distance of 30 µm to 200 µm. 

・ At a gap distance of 1000 µm, the characteristics are almost the same as contact 
discharge. 

・ The rise time is also 3 to 4 times faster than the contact discharge rise time of 0.8 ns, 
and slows down as the gap distance approaches 1000 µm. 

・ The high-speed rising waveform rises in two stages, and the first rising part is 
particularly steep. 

・ The discharge current of the second peak portion is almost the same as the discharge 
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current of contact discharge under each condition. 

 

 
4. Analysis of the Principle of Occurrence of Peculiar Phenomena through Micro-gap 

Here, it will be explained the principle of generation of the peculiar phenomenon of 
discharge current through a micro-gap.  It shows a conceptual model of waveform 
observation with an ESD gun and a micro-gap at Figure 12. 

When the discharge electrode of the ESD gun is not in contact with the spherical 
electrode of the current target attached to the faraday cage, a parasitic capacitance is 
formed between the ground surface, the discharge electrode of the ESD gun, and the 
conductive part inside the gun. In addition, the conductive part, which is the internal 
wiring of the discharge electrode and ESD gun, has a very small value, but it is 
accompanied by a parasitic inductor. A discharge electrode with a length of 50 mm has 
an inductance of about 50 nH. In this way, it is a combination of a small but complicated 
LC circuit other than the 150 pF and 330 Ω storage capacitors and discharge resistance. 

 

Fig. 12: Conceptual diagram of discharge current measurement with micro-gap 
 

It shows a simple equivalent model in which the parasitic capacitors and inductors in 
the LC circuit in Figure 12 are replaced with typical LC circuits at Figure 13. 
The inductance of the discharge electrode is LS1, and the inductance of the conductor 
inside the ESD gun is LS2. The parasitic capacitance at the tip of the discharge electrode 
with respect to the ground surface is CS1, and the parasitic capacitance inside the ESD 
gun from the discharge electrode is CS2. 
First, it shows the state before discharging between the micro-gaps at Figure 13 (a). 
When the discharge relay Sd is turned on from the state where the specified voltage is 
charged to the 150 pF storage capacitor CS, the charge stored in the CS flows to the 
discharge electrode, charges CS2 and CS1, and this potential rises. Due to the 
relationship between this potential rise and the gap distance, spark discharge occurs 
between the gaps. 

It shows a state in which a spark discharge has occurred at Figure 13 (b). Discharge 
occurs when the voltage between the gaps exceeds the dielectric breakdown of air due to 
the potential rise of CS1 and CS2. When a spark discharge occurs, the charge of CS1  

flows to the current target RL first. This current has a very fast rise time with almost no 
inductance. The charge of CS2 then flows through the inductance LS1 of the discharge 
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electrode. This current is also faster than contact discharge because it does not pass 
through LS2, but the rise is slightly slower due to the inductance of LS1 than the current 
due to CS1. This is the reason why the rise is faster and there are two stages than the 
contact discharge, which is a phenomenon of gap discharge. Spark discharge is also a 
resistance that changes over time, and as the gap distance increases, the spark length 
increases and the spark resistance also increases. The maximum current value of the 
spark discharge with a micro gap is below 200 µm, indicating that the spark resistance 
at this distance does not significantly affect the current target of 2 Ω. However, as the 
gap distance increases, the current value decreases due to the increase in the spark 
resistance value, and the increase in the time constant leads to a slower rise time. Even 
if the gap distance is too small, the peak current value will be low because the spark 
discharge will start at a low voltage when the CS1 is charged and the potential rises. 
This relationship can be explained in the graph in Figure 11. 

 

 

(a) Equivalent circuit just before discharge 

 

(b) Equivalent circuit after discharge 

 

Fig. 13: Simplified equivalent circuit for measuring discharge current with a micro-gap 

 
Conclusions 

In the air discharge generated from a charged human body, since the operation involves 
an approach, the discharge is generated with a long spark (gap) length and the spark 
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resistance increases, so the peculiar phenomenon shown here does not occur. However, 
in the case of air discharge, at a low voltage of several kV, the spark length becomes 
shorter, the peak current increases compared to contact discharge, and the rise time 
tends to be faster. This phenomenon of air discharge has a small amount of energy 
because the voltage is low. In the micro-gap discharge generated by the contact 
discharge generated from the ESD gun, spark discharge occurs in a short gap due to the 
operation of the discharge relay even at a high voltage, enabling ESD generation with 
large energy and high-speed peak current. This is basically a special case, but it can 
occur under the conditions explained at the beginning, such as poor contact. Also, the 
same phenomenon may occur if the micro-gap is formed in the secondary discharge 
inside. 
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