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Abstract 

The GIGA device simulator is used to simulate electrothermal interactions in devices with PN junctions 
under reverse ESD pulse conditions. GIGA provides a self-consistent time-domain solution of the heat 
flow equation, Poisson's equation, carrier continuity equations for electron and holes, and any associated 
circuit equations. Terminal currents and internal carrier concentration and lattice temperature profiles are 
calculated. The calculated temperature distribution permits identification of the location of "hot spots" 
that lead to device damage. GIGA is shown to be an effective engineering tool for designers of bipolar 
ESD protection devices. 

I. INTRODUCTION 

Understanding the electrostatic discharge (ESD) destruction of devices with PN junctions, and optimiz
ing ESD failure thresholds, are important aspects of designing IC protection circuits [1]. Self-heating of 
a semiconductor structure due to a high current pulse may cause electrothermal instabilities that lead to 
current filamentation and irreversible damage. Simulation gives physical insight into what mechanisms 
cause ESD destruction and how device designs can be altered to be more resistant to ESD. 

Modeling ESD is difficult because time-dependency and lattice heating must be included when modeling 
electro-thermal interactions. Some work has been done in this area. ID simulation of fully coupled ther
mal and electrical behavior of a diode structure was published in [2]. 2D simulation of electrothermal in
teractions within semiconductor devices under forward ESD pulse conditions was described in [3]. 
Simulation under reverse ESD pulse conditions was described in [4], but without accounting for the ex
ternal circuit environment. The purpose of this study is to investigate thermal transient effects in semicon
ductor structures under reverse biased ESD pulse conditions taking into account interactions with an 
external circuit environment. 

IT. ELECTROTHERMAL DEVICE SIMULATION 

The GIGA device simulator [5,6] was used in this study. GIGA is a device simulator that self-consis-
tently solves the drift-diffusion based semiconductor equations (Poisson's equation, and carrier continu
ity equations for electrons and holes), the heat equation in the semiconductor and in the heatsink, and 
electrical circuit equations. 
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GIGA models temperature dependencies and high level injection effects. The physical models incorpo
rated into GIGA include: carrier mobilities that depend on doping, electric field, temperature, and elec
tron and hole concentrations; temperature dependent effective band-gap narrowing; Shockley-Read-Hall 
(SRH) recombination, with doping and temperature dependent carrier capture times; Auger recombina
tion; and temperature dependent impact ionization. The temperature dependencies of heat conductivities 
and capacitances of the cooling package are also included. 

GIGA employs finite difference approximations. The coupled algorithm (Newton's method) is used for 
the electrical problem. The heat flow equation is solved self-consistently using a form of decoupled itera
tion. GIGA contains a one dimensional module and a two dimensional module. The one dimensional 
module is extremely fast, but can only be used up to the point where current filamentation starts [7]. The 
two-dimensional module permits very general investigation of thermal instabilities but is considerably 
more CPU intensive. 

TIL RESULTS 

The ESD destruction voltage of a n+-p-p+ diode structure was simulated first using the ID module. The 
results were compared with experimental results obtained using the CV method [8]. The simulated struc
ture was a 10 micron thick n+-p-p+ diode with a base concentration of 2E17 cm "3 and peak surface con
centrations of 1E20 cm-3. The junction depth was 1.2 u.m and the junction area was 500 um2. The 
external circuit consisted of 100 Ohms resistance and an initially charged capacitor. The previously vali
dated failure criterion of dR/dT becoming negative within the structure was chosen [7]. Then for each ar
bitrary capacitance value of 100 pF, 200 pF, 500 pF and 1000 pF the initial capacitor voltage VcO, 
applied to the structure in the reverse direction, was increased until the criterion for destruction was satis
fied. 
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The calculated values of destruc
tion voltage were close to the re- ~ 
suits presented in Figure 4 of [8]. k 
Examination of the solutions for % 
the 500 pF case indicates that the "s 
intrinsic temperature has been j | 
reached, and that within much of k. 
the structure the intrinsic carrier ~ 
concentration exceeds the doping 1 

CO 

concentration in the p-base. The 
electron concentration is less than 
the doping concentration through- ^'jg 
out the transients. In the calcula
tions with 500 pF the negative 
dR/dT appeared at VcO = 190 V . The temperature (and intrinsic carrier concentration) distributions in 
this case had only one maximum and the shape of the corresponding curves did not change qualitatively 
over time. 

From examining the ID and 2D results for S=750 u.m2 it was observed that the maximum temperature 
in 2D case (1000 K) exceeds the maximum temperature in the ID case (700 K) by about 300 K. 

Figure 1. Maximum Temperature Versus Time 



77 

T e m p e r a t u r e d is t r ibu t ion and c u r r e n t 
ucB-steu n-iaeo c-seepr 

t 

M i c r o n s ( p m > 

Detailed 2D simulation were performed for the 100 Ohm and 500 pF case. The maximum temperature 
in the structure as a function of time for 
different values of reverse voltage is 
shown on Fig. 1. The temperature reaches 
its maximum at t = 50 ns. The 2D tem
perature profile at the time instant t = 50 
ns for VcO = 240 V is shown in Fig.2. A 
hot spot has appeared near the left emitter 
edge (at approximately at Y = 5 urn). 
The temperature distributions in different 
horizontal sections at t = 50 ns indicate 
that there is a temperature maximum in 
the horizontal line at X = 1.5 u.m. The 
temperature becomes much more uniform 
in the bulk (sections for X = 4.5 and X = 
8.8 urn). The temperature dynamics 
along the vertical line Y = 5 urn is shown 
in Fig.3. After reaching its maximum at 
50 ns temperature redistribution occurs, 
and the temperature maximum shifts into the bulk at t = 200 ns. Examination of the electron concentra
tion dynamics indicates that along the vertical line Y=5(im (not shown) significant electron injection is 
caused by strong impact ionization in the pn junction region. The electric field magnitude along vertical 

line Y = 5 urn is shown in Fig.4. This shows 
that for time instants prior to 100 ns the elec
tric field "fills" the entire p-base.This is due 
to significant hole injection caused by strong 
impact ionization. Thus injection compen
sates negative p-base doping charge and so 
the p-base behaves like an i-base. The filling 
of the entire base area means that voltage on 
the diode is significantly greater than static 
breakdown voltage. 
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Figure 2. Current Flow Lines and Isotherms 
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The one-dimensional module of GIG A gives 
results that are in good qualitative agreement 
with ESD experiments. More detailed investi
gation accounting for more realistic 2D ge
ometries can be performed using GIGA 2D. 
The two dimensional version of GIGA can 
predict the location of "hot" spots in structures. These results indicate that GIGA is an effective engi 
neering tool for designers of bipolar ESD protection devices. 
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Figure 3. Temperature Distribution Dynamics Along 
Vertical Line at y = 5um 
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Figure 4. Electric Field Dynamics Along Vertical Line 
at y = 5 urn 
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