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Abstract 
A circuit-level electrothermal simulator, MICS (MIt- 
subishi Circuit Simulator), is presented with parasitic 
bipolar transistor action and lattice heating taken into 
account. Diffusion capacitance in parasitic bipolar 
transistors is introduced to  cover turn-on behavior un- 
der short rise-time current. Device temperatures are 
simulated from calculated electrical characteristics and 
the closed-form solution of the heat transfer equation. 
Simulation results show that this tool is valuable in 
evaluating electrostatic discharge (ESD) robustness in 
integrated circuits. 

1 Introduction 
The destructive nature of electrostatic discharge 
(ESD) in integrated circuits has been becoming more 
apparent as semiconductor devices become smaller and 
more complex. The high voltages result in large elec- 
tric fields and high current densities in small devices, 
which can lead to breakdown of insulators and thermal 
damage. Circuit-level electrothermal simulation[l] un- 
der ESD conditions is in great demand for reducing 
the time and cost necessary to establish desired relia- 
bility. The electrothermal simulation requires accurate 
description of the parasitic bipolar transistor action of 
MOSFETs, which is the relevant conduction mecha- 
nism under ESD conditions. Moreover, lattice tem- 
perature distribution must be known in order to judge 
ESD immunity. 

In the following section, simulation models for par- 
asitic bipolar action and lattice heating are described. 
These models are verified with the aid of device sim- 
ulation because it is difficult to measure terminal cur- 
rent and voltage and temperature in a device under 
ESD conditions. In Section 3, simulation results for 
an 1/0 circuit are presented to show the usefulness of 
the proposed models. 

2 Modeling 
2.1 Parasitic Bipolar Transistor Action 

Several elements are added to  a conventional MOS- 
FET model to express parasitic bipolar transistor ac- 
tion, as shown in Fig. 1. The elements, Ids, Ibs ,  I b d ,  R, 
and & in the figure are the same as those included in 
conventional MOSFET models. Current sources, IcOl, 
Ibase and Igen for an n-MOSFET with the gate width 
W are given as 

in the case of VD'S' > 0[2]. The parameter h'z  is as- 
sumed to  be the product of the exponential factor, 
B,  of the ionization coefficient (Y = Aexp(-B/E)[3], 
where E is the electric field strength, and the veloc- 
ity saturation region length, 1, = J ( € ~ i / € ~ i ~ ~ ) t ~ ~ ~ j [ q ] .  
The avalanche breakdown voltage V,, can be written 
as Kz/ln(Kl) from Eq. (4). The parameter h'l is de- 
termined so as to fit Va, to  measured data. 

Substrate resistance, which plays a crucial role in 
parasitic bipolar transistor action, is defined as &ub = 
rsub/w. 

Diffusion capacitance is defined as Csdiff E 
Qs diff /vB's~ and - c D  diff QD diff /VB'D', where 
Qsdiff = W~oc[exP(qvB~s~/kT) - 11 and QDdiff = 
mIOc [exp ( q  VB 'D' /kT) - 11 [Si. 

The parameters, Joc and r,,b are determined so as to 
fit the I-V curve to device simulation results. The pa- 
rameter, Joe is set to  zero because the current source, 
Ibase is identical with the element, Ibs, which is in- 
cluded in the original transistor models. 

Fig. 1 Equivalent circuit of the MOSFET including the 
parasitic bipolar transistor for VD's' > 0. 

Simulated breakdown characteristics of an n- 
MOSFET are shown in Fig. 2. The parameters used 
in the simulation are, Kl  = 3.9, K2 = 1OV JoC = 
1.25 x A/m and rsub = 4.0 x 10-30m. The I-V 
curve from device simulation shows hysteresis, i.e. the 
voltage which appears  at^ the drain electrode at  the 
upside of the current is higher than that a t  the down- 
side. The circuit simulation result with - = m = 0, 
which corresponds to the original model[2], does not 
show the hysteresis. This leads to the underestimation 
of the voltage during ESD events. On the other hand, 
the result with = % = 0.5ns clearly shows the hys- 
teresis, which means that the charge storage effect at 
the base-emitter junction is considered correctly. 
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Fig. 2 Breakdown charactkhstics of an n-MOSFET un- 
der the ESD of the +2000V HBM: (a) device simulation, 
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solution of a 3-dimensional thermal conduction equa- 
tion in infinite medium[l]: 

+erf ( t / 2 - v  )} ,  (6) 
2 d 5 0  

where p ( t )  = P ( t ) / A  and D = K / P C ~ .  Note that 
D is assumed to be uniform throughout the device. 
The mass density cp = 2.32g/cm3. The temperature 
dependence of the thermal conductivity K (W/cm K) 
and the specific heat capacity a t  constant pressure 
cp ( J/cm3K) are given m[7] 

IF. = 1/(0.03 + 1.56 x 10-3T+ 1.65 x 10-?Z"T), (7) 
cp = 0.8509 + 1.522 x 10-4T - 1.582 x 104/T2,(8) 

where the temperature T i s  measured in K. These pa- 
rameters are evaluated at  the maximum temperature 
in the device. The effect of the smaller thermal con- 
ductivity of SiO2, which is used in passivation layers, is 
considered by setting the empirical parameter, C = 1.1. 
The solution shows isotropic temperature distribution 
around the heat generation region, which agrees with 
the result of device simulation shown in Fig. 5. 

: a  l i  I I  

The current through devices causes Joule heat- 
ing, which is dominant among several heating 
mechanisms[6]. Under ESD conditions, MOSFETs op- 
erate in saturation mode, and the potential difference 
between the source and the drain is mainly applied to  
the velocity saturation region of the length I,. We as- 
sume that the heat generation occurs in the rectangu- 
lar box, A = abc, as shown in Fig. 3. This assumption 
is validated from the device simulation result shown in 

POWER DENSITY (W/cn?) 
3. *+1P 
3etlP 
P . y I + l P  

6 .0  6.2 6.4 6.6 6.8 7.0 Fig. 4. Joule heating power in the box is expressed as 
X ( C r r 3  

P(t)  = VD~S~ID. The temperature distribution is ob- 
tained using numerical integration of the closed form 

Fig. 4 The distribution of Joule heating, J .  E ,  from device 
simulation. 
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Fig. 5 The temperature distribution from device simula- 
tion. 

Simulated total power and maximum temperature 
in the device are shown in Figs. 6 and 7, respectively. 
These figures suggest that the circuit simulation with 
thermal models described above correctly predicts the 
maximum temperature in the device under ESD con- 
ditions. 

' 

bipolar transistor action. The current-voltage charac- 
teristic and the' maximum temperature in the DQH 
transistors are shown in Figs. 10 and 11, respectively. 
The I-V curve shows a snapback characteristic, which 
indicates parasitic bipolar transistor action. The tem- 
perature is below 330K, so this circuit is prevented 
from thermal failure. 

- DEVICE SIM. 
CIRCUIT SIM . _._. 
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Fig. 6 The total power, VDS ID, dissipated in the device. 
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Fig. 7 The maximum temperature in the device. 
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Fig. 8 Schematic'diagram of the 1 / 0  circuit for ESD 
simulation. This circuit contains 75 MOSFETs. 
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Fig. 9 The current waveform for the +2000V HBM. 
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3 Results and Discussion 
The proposed electrothermal circuit simulator is ap- 
plied to the ESD of the human body model (HBM) 
on an 1/0 circuit fabricated by a 0.25pm process. The 
circuit is schematically shown in Fig. 8. When the pos- 
itive ESD voltage is applied, the current flows mainly 
through DQH transistors, as shown in Fig. 9. This is 
because the substrate voltage of these transistors is not 
directly tied to the ground and easily rises to induce 

Vds (V) 

Fig. 10 The current-voltage characteristic in the DQH 
transistor for the +2000V HBM. 
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Fig. 11 The  power, VD,S,ID, and the maximum tempera- 
ture in the DQH transistor for the +2000V HBM. 

In the caseeof negative voltage, the current flows 
mainly through DQL transistors, as shown in Fig. 12. 
This is because the substrate of the DQL transistors 
is directly tied to the ground and the current from the 
ground goes straight to  the drain electrode through the 
forward-biased drain-substrate junction. The drain- 
source voltage during the ESD event is much lower 
than that in the case of positive voltage, so the tem- 
perature rise is smaller than that in the positive case, 
as shown in Figs. 13 and 14. 
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Fig. 12 The current waveform for the -2OOOV HBM. 
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Fig. 13 The current-voltage characteristic in the DQL 
transistor for the -2OOOV HBM. 
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Fig. 14 The power, VDts,I~, and the maximum tempera- 
ture in the DQL transistor for the -2OOOV HBM. 

From the above simulation results, we conclude that 
this circuit is proof against the ESD stress of the 
f2000V HBM. In the ESD experiment, no functional 
failure was observed, which agrees with the prediction 
of the simulation. 

4 Conclusion 
We have presented an electrothermal simulation 
method suitable for circuit-level ESD analysis. Dif- 
fusion capacitance is introduced to  cover the turn-on 
behavior of parasitic bipolar transistors. The tempera- 
ture is also estimated from the resulting I-V character- 
istics. The calculated electrical and thermal character- 
istics agree well with the results of device simulation. 
The proposed method is useful in evaluating the ESD 
immunity of 1/0 circuits. 
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