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Abstract – Transient radiation is emitted during a nuclear explosion and causes fatal errors as upset 

and latch-up in CMOS circuits. This paper proposes the transient radiation SPICE models of NMOS, 

PMOS, and INVERTER based on the transient radiation analysis using TCAD (Technology Computer 

Aided Design). To make the SPICE model of a CMOS circuit, the photocurrent in the PN junction of 

NMOS and PMOS was replaced as current source, and a latch-up phenomenon in the inverter was 

applied using a parasitic thyristor. As an example, the proposed transient radiation SPICE model was 

applied to a CMOS NAND circuit. The CMOS NAND circuit was simulated by SPICE and TCAD 

using the 0.18um CMOS process model parameter. The simulated results show that the SPICE results 

were similar to the TCAD simulation and the test results of commercial CMOS NAND IC. The 

simulation time was reduced by 120 times compared to the TCAD simulation. 
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1. Introduction 
 
The emitted energy during a nuclear explosion is 

classified into transient radiation, neutron, thermal energy, 

and shock waves [1]. Electronic devices are affected by 

each energy type and injection type generated during a 

nuclear explosion. 

In particular, transient radiation or X-rays are emitted 

into the shape of an instantaneous high-energy pulse that 

causes a fatal error as an upset and latch-up owing to a 

TREE (Transient Radiation Effects on Electronics) 

phenomenon in the CMOS circuit [2-3].  

Since the 1990s, NASA, ESA, and other research 

agencies have begun experiments to analyze the 

characteristics for the TREE phenomenon of electronic 

devices [4-5]. Research has been actively conducted 

recently to verify the phenomenon when transient radiation 

is injected into the CMOS circuit using the TCAD 

(technology Computer Aided Design) [6]. If TCAD is used 

in a circuit consisting of few CMOS transistor, the results 

can be obtained about the damage effect of transient 

radiation more precisely. However, because the TCAD 

calculation for the analysis of a VLSI (Very Large Scale 

Integration) consisting of a mass CMOS transistor 

increases geometrically, the simulation time also increases 

geometrically.  

In this paper, the basic elements such as NMOS, PMOS, 

and INVERTER of the CMOS process that occur in the 

transient radiation phenomena were analyzed using TCAD. 

The transient radiation SPICE models were presented 

based on the transient radiation analyzed results. 

This paper consists of four sections. Section II describes 

the analysis results of the transient radiation for the basic 

elements (NMOS, PMOS, and INVERTER) of the CMOS 

process using TCAD. Section III described how to make a 

SPICE model using the results of section 2. As an example, 

the proposed transient radiation SPICE model was applied 

to a CMOS NAND circuit. In section IV, a SPICE 

simulation, TCAD simulation, and commercial CMOS 

NAND IC test were performed to compare the transient 

radiation phenomenon of a CMOS NAND circuit. Finally, 

section 5 provides some concluding remands. 

 

 

2. Tcad Analysis for Spice 
 
To make the SPICE model of a CMOS circuit from 

transient radiation, the upset and latch-up phenomena were 

generated from PMOS, NMOS and INVERTER was 

analyzed on the basis of a TCAD simulation 

 

2.1 PMOS 
 
Fig. 1 shows the analysis results related to the amount of 

photocurrent at Drain ①, Gate ②, Source ③, and N-well 

④ of PMOS according to the intensity of the transient 

radiation under a turn-off condition [Vd=-5V, Vg=0V, 

Vs=0V, Vb=0V]. Here, the available photocurrent is 

expressed by the intensity of the transient radiation. The 

photocurrent occurs at the PN junction between the N-well 
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and P-diffusion in the PMOS and photocurrent flows into 

Drain ① and Source ③ from N-well ④. 

When injecting transient radiation, there is no 

photocurrent that flows into Source ③ from Drain ① if 

there is no voltage difference between Drain ① and 

Source ③. However, if there is a voltage difference 

between Drain ① and Source ③, the channel is 

temporarily formed due to Electron/Hole pair generation. 

Finally, the photocurrent flows into Drain ① from Source 

③. In the case of Gate ②, because it is isolated by SiO2, 

there is no change in the photocurrent. Under a turn-on 

condition of PMOS, current flows from the electrical 

characteristics in addition to the photocurrent generated 

when injecting transient radiation. 

Therefore, regardless of the input voltage in the CMOS 

circuit, the photocurrent flowing in the PMOS due to 

transition radiation causes upset phenomenon, which 

changes the output voltage. 

 

2.2 NMOS 

 

Fig. 2 shows the analysis results related to the amount of 

photocurrent at the Drain ①, Gate ②, Source ③ and 

Body ④ in the NMOS according to the intensity of the 

transient radiation under a turn-off condition [Vd=0V, 

Vg=0V, Vs=0V, Vb=0V]. A photocurrent occurs at the PN 

junction between N-diffusion and P-substrate in the NMOS, 

and the photocurrent flows into the Body ④ from the 

Drain ① and Source ③.  

Also, if there is a voltage difference between the Drain 

① and Source ③, the leakage current flows temporarily 

through transient radiation like in a PMOS.  

Under a turn-on condition of the NMOS, the Gate ② 

current does not flow, and the photocurrent and current in 

the NMOS are the same as in the above-mentioned PMOS. 

Therefore, regardless of the input voltage in the CMOS 

circuit, the photocurrent flowing in the PMOS by transition 

radiation causes upset phenomenon, which changes the 

output voltage. 

 

2.3 INVERTER 
 
Fig. 3 shows the simulation results of the transient 

radiation phenomenon of the INVERTER consisting of 

NMOS and PMOS using TCAD. 

The leakage current occurs at the channel region of the 

NMOS and PMOS owing to Electron/Hole Pair generation 

during the initial injection of the transient radiation ④ 

under an input voltage of 0V, VDD of 3.3V, and GND of 0V.  

This leakage current causes an upset phenomenon, 

which changes the output voltage at 3V. 

After that, output voltage ① seems to be recoverd. 

However, as N-well voltage decreases in the PMOS, and as 

the Body voltage increases in the NMOS, the parasitic 

PNPN Thyristor inside the INVERTER is activated. It 

causes a latch-up increasing the VDD current ② rapidly, 

and decreasing the output voltage ① of the INVERTER. 

 

 

3. Transient Radiation Spice Model and its 

Application 

 

In section 2, the transient radiation phenomenon in the 

PMOS, NMOS, and INVERTER was analyzed using 

TCAD. Its SPICE model based on TCAD analysis results 

 

Vd=-5V, Vg=0V, Vs=0V, Vb=0V 

Fig. 1. PMOS TCAD Analysis 

 

Vd=0V, Vg=0V, Vs=0V, Vb=0V 

Fig. 2. NMOS TCAD Analysis 

 

 

Input =0V, VDD=3.3V 

Fig. 3. INVERTER TCAD Analysis 
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was then proposed to apply to the CMOS circuit. As an 

example, the proposed SPICE model was applied to the 

CMOS NAND circuit for an integrated circuit design and 

analysis 

 

3.1 Transient radiation SPICE model of NMOS, 

PMOS, and INVERTER 

 

From the analysis of the PMOS transient radiation, 

because the photocurrent flows into the Drain and Source 

from N-well, it was replaced as the current source. The 

turn-on leakage current, which was generated from the 

voltage between the Drain and Source, was applied using 

the Switch and Diode. Therefore, finally, the PMOS 

transient radiation SPICE model can be implemented, as 

shown in Fig. 4(a). 

From the analysis of the NMOS transient radiation, like 

PMOS, the turn-on leakage current caused by the 

difference of voltage between the Drain and Source was 

applied using the Diode and Switch. Also, the photocurrent 

that flows into Body from the drain and source was 

replaced as the current source. Therefore, finally, the PMOS 

transient radiation SPICE model can be implemented as 

shown in Fig. 4(b). 

From the analysis of the INVERTER transient radiation, 

the photocurrent flows into the Body of NMOS from the 

N-well of PMOS during the initial injection. Also, if the 

intensity of the transient radiation is over a standard amount, 

a latch-up phenomenon occurs, and the current flows into 

GND from VDD rapidly. Therefore, as shown in Fig. 4(c), 

the INVERTER SPICE model can be implemented by 

adding parasitic thyristor. Here, each node resistance of 

thyristor can be determined using the extraction method of 

the rectangular resistance. The resistance extraction can be 

simply done if we know the width, length, and height 

according to the direction of the current flow. 

Therefore, the function of the resistance extraction is 

expressed as in equation (1). 

 

 r

L
R

W H
ρ= ⋅

⋅
 (1) 

 

Because the β value of the parasitic BJT has mostly an 

effect on the latch-up, the β value is determined by the 

photocurrent generated from the INVERTER by the 

transient radiation when using TCAD. The determined β 

value depends on the layout techniques and area of the 

devices. 

 

3.2 Design of CMOS NAND circuit with the SPICE 

model 

 

A transient radiation CMOS NAND circuit can be 

designed as shown in Fig. 5 using the proposed NMOS, 

PMOS, and INVERTER transient radiation SPICE model.  

All the NMOSs and PMOSs used in Fig. 5 were applied 

to the transient radiation SPICE model shows Figs. 4(a) 

and 4(b). To express latch-up phenomenon between NMOS 

and PMOS, the parasite thyristor structure is inserted, as 

shown in Fig. 4(c) over PMOS, VDD, GND, N-well, and 

Body. 

 

 

4. Simulation, Experimental Results, and 

Discussion 

 

To verify the transient radiation CMOS NAND circuit of 

Fig. 5, the simulation was done using TCAD and SPICE. 

In addition, the commercial CMOS NAND IC device was 

tested for the transient radiation using an electron beam 

accelerator. 

 

4.1 SPICE simulation of transient radiation CMOS 

NAND circuit 

 

Fig. 6(a) shows the simulation results for an upset 

phenomenon in a transient radiation CMOS NAND circuit. 

Because it is instantaneously turned-on by Electron/Hole 

Pair generation caused by a PN junction within NMOS and 

 

   (a) PMOS              (b) NMOS 

 

(c) PMOS 

Fig. 4. Transient Radiation SPICE Model of NMOS, 

PMOS, INVERTER 
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PMOS, the current path is formed regardless of its input. 

Therefore, the output voltage V(out) falls from 3.3V to 

1.8V, and rises from 1.8V to 3.3V again  

Fig. 6(b) shows the simulation results for a latch-up 

phenomenon when the intensity of the transient radiation 

increases by 120 times. 

The N-well voltage of PMOS is decreased and the Body 

voltage of NMOS is increased, by the photocurrent when 

injecting transient radiation at the initial input step. As this 

voltage operates parasitic thyristor, latch-up phenomenon 

occurs. Therefore, the VDD current increases rapidly. 

 

4.2 TCAD simulation of transient radiation CMOS 

NAND circuit 

 

Fig. 7 shows the simulation results of transient radiation 

for a CMOS NAND circuit using TCAD. In Fig. 7(a), the 

current that flows into the Body ④ of NMOS from the N-

well ③ of PMOS0 is a photocurrent due to the transient 

radiation. The current that flows into the Body of NMOS 

from the drain ② of PMOS1 is the leakage current by 

voltage difference generated between the Drain and source 

of NMOS due to the transient radiation. Actually, these 

current cause an upset phenomenon in which the output 

voltage ① has an unstable gap of about 0.5V. 

Fig. 7(b) shows the simulation results using TCAD when 

the intensity of the transient radiation increases by 2 times. 

The current that flows into GND in Source ② of 

NMOS from VDD in Source ③ of the PMOS rapidly 

increases. As a result, the current causes a latch-up. From 

this, output voltage ① decreases a little. 

 

 

(a) A=0, B=0, Upset phenomenon 

 

 

(b) A=0, B=0. Latch-up phenomenon 

Fig. 7. TCAD analysis of transient radiation phenomenon 

of NAND 

 

Fig. 5. Transient radiation CMOS NAND circuit 

 

 

(a) Upset phenomenon (Input A=0, B=0) 

 

 

(b) Latch-up phenomenon (Input A=0, B=0) 

Fig. 6. Transient radiation CMOS NAND circuit 
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4.3 Transient radiation test of commercial CMOS 

NAND IC 

 

Fig. 8 shows waveforms which are the test results of a 

commercial CMOS NAND IC using an electron beam 

accelerator. The beam power was 5 * 105rad/s and NAND 

IC irradiated during 2us. From the top of Fig. 7, these 

waveforms are the input pulse, power supply current, 

output voltage, and photodiode output voltage. According 

to the inject ion of a pulse input, It causes an upset 

phenomena in that the power supply (VDD) current 

increases and the output voltage is temporarily variable. 

Unlike the simulation results, the reason why the output 

voltage increases is caused by the rise in the voltage level 

due to the externally added test circuit.  

Although the supply current returns, the reason why the 

output voltage has a late comeback time is the added delay 

circuits to the output stage for the easy experimental 

observations. Increasing the input pulse intensity with 

an electron beam, the latch-up phenomenon can be 

observed. 

 

4.4 Comparison of the characteristics and discussion 

 

Table the compares the simulation results using TCAD 

and SPICE for the transient radiation of a CMOS NAND 

circuit.  

Under the same conditions, the simulation time for SPICE 

was 2 minutes, and TCAD was 4 hours. There is a 

difference of 120 times in the simulation time, but its 

characteristics have almost no difference in the experimental 

results.  

The SPICE simulation time is significantly reduced 

more than the TCAD simulation time. The reason for this is 

considered to be a contribution of the difference in 

interpretation. If the transient radiation SPICE Model 

proposed in this paper is applied to a CMOS integrated 

circuit, the analysis time will be remarkably reduced 

because the proposed SPICE model has a strong advantage 

in the simulation time. 

 

 

5. Conclusion 

 

In this paper, upset and latch-up phenomena generated 

from PMOS, NMOS, and INVERTER transient radiation 

are analyzed using TCAD. A SPICE model is then 

proposed on the basis of TCAD analysis results. 

The proposed transient radiation SPICE model was 

applied to the CMOS NAND circuit. The CMOS NAND 

circuit was simulated by SPICE and TCAD. The simulated 

results show that the SPICE results were similar to the 

TCAD simulation, and the test results of commercial 

CMOS NAND IC. The simulation time was reduced to 120 

times compare to the TCAD simulation. 

From this result, the proposed transient radiation SPICE 

model was verified to be advantageous. Therefore, if the 

proposed SPICE model is applied to CMOS integrated 

circuits, the transient radiation phenomenon will be easier 

to analyze. 
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Fig. 8. NAND Experiment results 

Table 1. Comparison of CMOS NAND Circuit simulation 

Simulator TCAD SPICE 

Time 4 hour 2 minute 
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