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Abstract— This paper demonstrates a silicon carbide-based lateral silicon 

controlled rectifier (SCR) for use as an electrostatic discharge (ESD) protection 

device for high current ICs mounted on EVs or self-driving vehicles. The protection 

devices were designed with three split items and were fabricated with a line width of 

0.5 µm. The protection devices were verified in terms of their electrical 

characteristics by using a transmission line pulse (TLP) system and a curve tracer. 

The measurements indicate that the devices have a trigger voltage of 165 V and a 

holding voltage of 40 V. The lateral SCR devices have a breakdown voltage (BV) of 

82 V. In addition, the second breakdown current of the demonstrated SCR is above 

18 A. 

 

Keywords— electrostatic discharge (ESD) silicon carbide (SiC), silicon-controlled 

rectifier (SCR) 

 

1. INTRODUCTION 

For the last few years, the advantages of using power devices based on gallium nitride 

(GaN) and silicon carbide (SiC) technologies have been well discussed [1],[2]. In 

particular, SiC devices have been considered to have superior characteristics to Si-based 

devices due to their high voltage operation, high power, high frequency, and high 

temperature operation endurance [3]-[5]. Therefore, researches on SiC power 

semiconductors have been continuously carried out to overcome the limitations of Si 

power semiconductors. Recently, in the EV industry, research is being conducted to 

develop a SiC power semiconductor, such as developing a high-performance inverter that 

connects an electric motor and a battery[6]. They are a very important component of the 

EV industry. Therefore, the 4H-SiC-based ESD protection circuit needs to be studied to 

improve the reliability of SiC-IC [7]. The main research on SiC has focused on 

developing devices with a vertical structure device because there large current driving 

capability, which is beneficial for use in high power systems. However, a lateral structure 

device may be more appropriate for integration depending on the given application. 

Meanwhile, lateral-SCRs, which are known as thyristors, are devices that are extensively 

used in power device applications because these can switch from a very high impedance 

state to a very low impedance state. For the same reason a properly designed SCR can 

also be a very efficient ESD protection circuit [8],[9]. However, silicon carbide-based 

SCR has not yet been developed for use as an ESD protection device. 

In this paper, It demonstrate a silicon carbide-based SCR device that was developed 

for use in an ESD protection circuit. Its suitability for use in ICs was demonstrated, and 
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sample devices were fabricated with a minimum line width using a 0.5 µm process. 

 

 

Fig. 1   Cross-sectional View of the Silicon Carbide Lateral SCR 

2. DEVUCE FABRUCATION AND DESCRIPTION 

Figure 1 shows a cross-sectional view of the 4H-SiC lateral SCR, and it essentially 

consists of a PNPN structure. The P+ region in the N-epi forms the anode of the SCR 

where holes are injected into the N-epi. The N+ region in the P-well forms the cathode of 

the SCR from which electrons are injected into the P-well.  The connection to the N-epi is 

made through an N+ contact in the N-epi, while the P+ contact in the well is the 

connection to the p-well. The thickness and doping concentration of the P+ layer is 0.2 

µm and 1x1015 cm-3 approximately. The thickness and doping of the p-well layer are 0.7 

µm and 1x1012 cm-3. The process step of N+ implant and P+ implant were carried out at 

650 °C by using a nitrogen and aluminum source, respectively. Also, the P-well step was 

carried out at 650°C using an aluminum source. The properties of the device are also 

summarized in Table I. Figure 2 shows layout with design variables and (b) magnified 

image of the silicon carbide lateral SCR. The design parameters L1 and L2 are designed 

to optimize the electrical characteristics of the silicon carbide lateral SCR. L1 is the 

distance between the P-well region and the P + region, and L2 is the length of the 

additionally formed P + floating region in the P-well. 

Table I. Summary of Doping Concentration and Depth of Layer 

Layer 
Junction 

Depth 

Doping 

concentration 

N+ Implant 0.2 µm 9x1014cm-3 

P+ Implant 0.2 µm 1x1015cm-3 

P-well Implant 0.7 µm 2x1014cm-3 
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(a)                                                                            (b) 

Fig. 2   (a) Layout with Design Variables and (b) Magnified Image of   

the Silicon Carbide Lateral SCR. 

3. METHODOLOGY AND EXPERIMENTAL RESULTS 
 

3.1. METHODOLOGY 

The operation principle of this silicon carbide-based lateral SCR device is as follows. 

When ESD surge is applied to the anode stage, the potential of the N-epi layer increases. 

After the potential reaches the critical point, an avalanche breakdown occurs between the 

P-wells. Electron-hole pairs(EHP) are generated and EHP move in the direction of P-well 

and N-epi, respectively, to increase the potential. As a result, the diode is turned on and 

the two parasitic NPN / PNP bipolar transistors operate with each other supplying the 

base current.  

 

3.2. TLP MEASUREMENT 

The results of the TLP measurements of the 4H-SiC lateral SCR and TLP 

characteristics with design variable L1 shown in Figure 3. L1 is (a) 10 µm, (b) 15 µm and 

(c) 20 µm, respectively [10]. L1 was set as a design parameter to verify the trigger 

voltage characteristics of the device. The L1 design variable increases up to 10 µm, 15 

µm and 20 µm, and the trigger voltage increases from 165 V to 227 V, respectively. The 

L1 design variable represents the distance between the P+ region of the anode terminal 

and the P-well. A greater increase in distance from the P+ of the anode side region to the 

P-well results in an increase in the base region of the parasitic PNP transistor. Therefore, 

the width of the space charge region increases to the direction of the N-well, and then the 

maximum electric field where the avalanche breakdown occurs is reduced, which in turn 

causes an increase in the breakdown voltage. A formula between the depletion layer and 

the maximum electric field is shown as follows [11], In this case, the design variable L2 

has a length of 0 um. 

 

 

(1) 
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(a) 
 

 
(b) 

Fig. 3   TLP measurement results for the 4H-SiC lateral SCR (a) TLP characteristic and 

Trigger voltage and Holding voltage 

Where Vbi indicates the potential barrier, VR is the applied reverse bias, and W is 

a width of the space charge region. Assuming that the applied reverse bias is 

constant, the more the width of the space charge region increases, the less E max 

becomes. Therefore, the breakdown voltage increases with L1, which raises the 

trigger voltage of the device. In addition, the current driving capability of the 

device has a high current driving characteristic greater than 18 A. 
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(a) 

 
(b) 

Fig. 4   TLP measurement results for the 4H-SiC lateral SCR (a) TLP characteristic and 

(b) Trigger voltage and Holding voltage 

On the other hand, L2 added to the P-well region is the length of the P + floating 

region. Unlike L1, L2 is the effective base region of the NPN parasitic bipolar transistor. 

As the length of L2 increases, more electrons are recombined in the base region of the 

NPN parasitic bipolar transistor. Therefore, the holding voltage of the silicon carbide 

lateral SCR is increased because it increases the emitter injection efficiency of the NPN 

parasitic bipolar transistor [12]. Also, when compared to L1, L2 is a P + implant region 

and has a higher doping concentration. As a result, a higher holding voltage can be 

achieved. However, the addition of an implant region can cause the current to flow to the 

substrate surface, which may affect the degradation of It2. According to the measurement 

results, the holding voltage increases by about 41V-61V-77V and the trigger voltage 
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increases by about 163V-181V-191V. Figure 4 shows the change of electrical 

characteristics of the silicon carbide lateral SCR with the change of L2, and the design 

variable L1 is fixed at 10um. Table II summarizes the electrical characteristic according 

to changes in variation factors. Therefore, the L2 variation of the design parameter is 

suitable for increasing the holding voltage. 

Table II. The electrical characteristic according to changes in variation factors 

Variation 
Holding 

Voltage[V] 

Holding 

Current[A] 

Second Breakdown 

Current[A] 

L1 

(L2= 

0um) 

10um 38.8 5.85 18.9 

15um 40.5 5.8 18.7 

20um 45.8 5.72 18.5 

L2 

(L1= 

10um) 

10um 41.3 5.9 18.8 

15um 61.1 5.8 17.7 

20um 77.2 4.5 16.9 

 

3.3. THERMAL RELIABILITY 

High temperature measurement tests are very important because they affect the 

electrical characteristics of ESD protection circuits [13]. The silicon carbide material is 

known to have excellent temperature characteristics. ESD damage is caused by thermal 

damage, which can be a very significant advantage in ESD mode. Damage caused by 

joule-heating can deteriorate the holding voltage, the holding current, and the 

performance of It2. First, as the temperature increases, the carrier mobility decreases. 

Thus, the base-emitter voltage (VBE) of the parasitic NPN / PNP BJT decreases and the 

holding voltage decrease. And due to the decrease of the mobility, the resistance of the 

well and the substrate increases and the holding current decreases. An increase in 

resistance also means a decrease in Ron and It2. In the thermal reliability test, the TLP 

system is used for the measurement, while the wafer is heated by a hot chuck system and 

a controller. In the case of the below equations (2) - (4), the voltage drop, current, current 

gain(β), and resistances of the parasitic bipolar regions and the well region formed in the 

device are expressed. 
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Figure 5 shows the thermal reliability (300–500 K) measurement results of the ESD 

protection circuit. It shows the electrical characteristics of the conventional type (holding 

current, holding voltage, secondary breakdown current, on-resistance). Typically, since 

the carrier mobility decreases as the temperature increases, the resistance value of the 
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well region and the epitaxial region is increased and consequently the holding voltage is 

lowered. Whereas, while increasing from 300K to 500K, the secondary breakdown 

current is not lowered and hardly changes due to thermal damage. Similarly, the heat loss 

rate of the holding voltage and the holding current is very low. Thus, the data 

demonstrate good high temperature properties and thermal reliability. Figure 6 shows the 

results of the thermal reliability measurement (300-500 K) for the variation types L1 and 

L2 for the holding voltage. The design variable can be further influenced by the mobility 

reduction due to the temperature increase by directly increasing the L of the device. 

However, according to the measurement results, the proposed SIC-based device has 

almost no decrease in holding voltage while all the devices are changing from 300K to 

500K. Therefore, it can be seen that the electrical characteristics optimization due to the 

design variables L1 and L2 also have excellent high-temperature reliability. 

 

    
(a)                                                                      (b) 

 

    
(c)                                                             (d) 

Fig. 5   The high temperature (300-500 K) characteristics for the 4H-SiC Lateral SCR (a) 

Holding current, (b) Holding voltage, (c) On-resistance and (d) Second breakdown 

current. 
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(a) 

 
(b) 

Fig. 6   Temperature (300-500 K) characteristics according to changes in variation factors 

(a) L1 and (b) L2 

3.4. DC BREAKDOWN VOLTAGE AND HBM, MM TEST 

It performed DC measurements to determine the leakage current and DC breakdown 

voltage of the SCR device. Figure 7 shows the DC breakdown voltage and the leakage 

current of the 4H-SiC SCR device. The results indicate that the 4H-SiC lateral SCR has a 

breakdown voltage of 82 V. Although the I-V characteristics obtained by the TLP 

measurement are said to be converted to HBM and MM values, there might be deviation 

between the results of the TLP measurements and those of the HBM and MM. Therefore, 

a measurement that imposes a current for the protection device by realizing an actual 

ESD current should be accompanied. It measured the HBM and MM to verify the 

robustness of the SCR device. The SCR device was proven to have an ESD robustness of 

HBM 8 kV and MM 800 V, which means that these have a higher fault tolerance 

characteristic that exceeds the HBM 2 kV and MM 200 V of CMOS technologies. 
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Fig. 7   Breakdown Voltage Characteristics of the 4H-SiC lateral SCR 

4. CONCLUSIONS 

This paper presented a 4H-SiC lateral SCR for use as an ESD protection device. The 

SCR device was fabricated with a line width of 0.5 µm process. To verify the electrical 

characteristics, the TLP system is used for the measurement, while the wafer is heated by 

a hot chuck system and a controller. The design variations are the length of the epi area 

and the length of the added implant area. The results indicate that when the L1 distance of 

20 µm between the p+ of the anode terminal and the p-well, the device has a trigger 

voltage of 227 V and a holding voltage of 45.8 V. When the L2 length of the added P + 

implant region is 20 μm, the device has a trigger voltage of 181 V and a holding voltage 

of 77.2 V. Also, the device was proven to have a high current driving capability above 18 

A and passed HBM 8 kV and MM800 V. SiC-based devices show that as temperature 

increases, electrical properties due to mobility are hardly changed. Therefore, by 

adjusting L1 and L2 to optimize the trigger voltage and holding voltage, which is the 

most critical electrical characteristic, ESD protection circuit is expected to contribute to 

the reliability of ICs mounted on EVs or self-driving vehicles Due to its excellent 

material properties. 
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