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Thermal Modeling for Input Protection Circuit
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SYMBOLS AND ABBREBIATIONS t; : Failure time.

t, ! Lower failure time.

A; :Junction area. ty : Upper failure time.
B : Wunsch-Bell coefficient. T, : Ambient temperature.
Cg : Human body capacitance. T(t) : Temperature function.
D : Thermal diffusivity (: —Ipi ij- V; tJunction voltage.

Io : Peak current.

I(t) : Current.

I, : ESD threshold current, i, e., the value
of I, at threshold.

K : Thermal conductivity.

P, : Power.

P; : Failure power.

Ry : Human body resistance.

Ry @ Semiconductor resistance.

t : Time.

V., @ ESD threshold voltage, i.e., the value
of Vo at threshold.

V(t) : Voltage.

p  : Density.

t ! Disharge time constant.

[ . INTRODUCTION

Electrostatic discharge(ESD) thermal run-

away has been identified as one of the failure
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mechanisms in semiconductor devices. Ther-
mal runaway has been modeled by a localized
heat source, where the instantaneous power,
voltage and current are related by P(¢)=
V()I(t). The heat generated raises the tempera-
ture at the hottest point to some critical value
T, where To may be the melting temperature
which causes thermal failure.

The earliest analytical models of thermal
breakdown are those of Wunsch and Bell' and
Tasca?. Wunsch and Bell described junction
breakdown in Si p - n diodes under constant
power stress by a simple one - dimensional
heat flow analysis. Tasca derived a thermal
model in which the heat source may be regard-
ed as a sphere in an infinite medium.

In the case of a transient ESD pulse, Speak-
man® applied the Wunsch and Bell(W - B)
model for constant pulses to exponential ESD
pulses. Power is dissipated in the device in Fig.
1 by the voltage drop of the junction(V}) and the
resistance of the device(Rj). It is assumed that
the junction voltage V; and the resistance Rj
are constant in the equivalent circuit shown in
Fig. 1. The discharging current profile is exp-
ressed by the exponential function with decay
time constant. Speakman assumes that thresh-
old failure occurs toward the end of the pulse
and after a time 57, the exponetial is replaced
by a constant pulse of length 5t, which contains
the same average power as the exponential
pulse over the failure time. However, Speak-
man’s result underestimates the maximum
temperature rise by about 20% when compared

to the exact result obtained from Lin’.
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Fig. 1. Device circuit model.

To determine the best relationship between
the constant power model and the ESD power
model without estimation using an average
power, Pierce et al. did a test on a 256K UVE-
PROM to collect data for developing a wave-
form conversion model*. This test translates a
device threshold measured with one type of
electrical overstress transient into an equiva-
lent threshold with a different transient. That
is, a test on a constant pulse is used to obtain
the energy consumed by the device, and then
this energy is used to relate the ESD power by
solving the Dawson integral for the ESD dam-
aging peak device current I,. This damaging
current is used to multiply the resistance 1.5
kQ of the human body model(HBM) simulator
to obtain the HBM ESD voltage.

Dwyer et al. extended Pierce's work and
obtained the failure current/voltage threshold
using the Dawson integral and the time inter-
val of the pulse which causes the damage®.
Existing thermal models are normally based on
constant power pulses. An extension to a ESD
pulse may be achieved by use of the Duhamel
formula and may be used to analyze the heat-
ing effects of ESD pulses based on a knowledge
of constant power results.

The objectives of this paper are to derive an
approximate closed — form temperature func-
tion for the excitation caused by human body
electrostatic discharge and determine the ther-
mal failure threshold current in semiconductor
devices. The closed - form model is compared

with the experimental results in literatures.

. ANALYTICAL THERMAL
MODEL

The human body model widely accepted as
industry reference consists of a precharged

100pF capacitor discharging through a 1.5 kQ
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resistor into the device under test, as shown in
Fig. 2. Power is dissipated in the device due to
voltage drop V, across the junction and the
internal resistance Rj of the device®. The
equivalent circuit is shown in Fig. 1 with V,
and R taken as constants. This circuit model
has now become a general starting point for
thermal runaway modeling*®. The current
equation for the device is assumed to be

exponetial and given by

It)= I, éxp(— %) D
where
V. -V
Io:—"—[—) (2)
(Ry+Rp)
and

1=Cp(Rp+Rp) =150 ns (3)

The instantaneous power disssipated in the
device is given by*
4)

P&)=V,I, exp(- %) * Rl e"p(‘ Zt)

T
This power is the heat source in the heat
flow equation. The solution for the temperature

at the hottest point is given by*™

~ 1 o Vilo (R
T(t)—T0+ AJ\/4TCDC[)K J(){ \/')T exp(‘ T )
1.5K
NV
Rg
::Ca DUT
100 pt

Fig. 2. Human body circuit model with device und-
er test.
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2
+Rpl exp(— M)]dk (5)
s T
The integral terms in equation (5) are simpli-
fied in order to obtain a closed - form tempera-
ture function. Integrating these terms, a series

expansion yields

fo
2, 2.2(ef_2.2.2(¢)
1‘3:*35(:) 3«547(1)
d (6)
+2.2-2-2(1) e
3579\t
and
,e"p()%') t
jonk =9t exp(2 ?)

(1)

For small t/t these integrations have approx-
imately the form of a Taylor series for an expo-
nential function. Subsituting this dependence

yields

[

1
_ 1
T{t)=To+ A, anpK

[V, Iy exp(— %>+ R ['(’)exp(—g—i)} (8)
To obtain a better approximation for the
exponential terms, constant values for the coef-
ficients in the exponential argument of 0.6 and
1.2 are chosen. These values are obtained by
curve fitting as shown in Fig. 3, where V;=20
V. R;,=4 ohm,[,=1A and A;=500 uym". Hence,

the modified expression is given by

[P

1
- S
T =Tt 5, JroC,K
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Fig. 3. Temperature rise for p — n junction.

[Vj Io exp(—0.6 %) + Rp I} exp(—l.Q—i—)]
(9)

The temperature rise given in equation (9) is
understood in the following way. For shorter
times, the temperature of a component rises as
the power of the pulses sufficient to overcome
the cooling effect of thermal diffusion. This pro-
cess is dependent on ¢!. For longer times, the
diffusion losses dominate and the temperature
of the device drops toward room temperature.
For a p - n junction under reverse bias condi-
tions, R, =0 is a good approximation. The tem-
perature rise function of the reverse bias junc-
tion for ESD is then given by

T() = Ty ,B<z>exp(-o.6{-) (10a)

(3]

e — 1 .
Tw p(t) A,WTCPCpK Vi, (10b)

where Ty p(¢) is the W - B model temperature
function.

The relationship between the time of the
maximum temperature and the threshold cur-
rent is important. The maximum temperature

time (¢,,) is obtained as follows :

"

i
% XW‘%TV,LJZ exp(O.G—fE)j =0

and t=¢, , for reverse bias (11a)

4| g ot ese-124 -0

and ¢=¢,,, for forward bias (11b)

Solving these equations yields ¢,,=0.833 1 for
reverse bias and ¢,,=0.417 7 for forward bias.

The maximum temperature at ¢=t¢,, and
R;,=0 for reverse bias is obtained by substitu-

tion into (9) as

Vilo _ 1z (12)

»=0.553
T A; JnpKC,

This result has only 2% error in comparison
with the exact solution form Lin's results”.

If the current threshold is expressed as a
function of failure times, we can define t; and
ty to be the limiting times for the failure time

range, where t; and t; are given by*.

Zdt-(‘/a exp(—-O.G —%’-D =0

and Ed?(\/ﬁ exp<~1.2 %)) =0

or
t;=04171 (13)
and
ty=0.833 1 (14)

This time window is similar to that of Dwyer
et al.”. The threshold current I,, must satisfy
equation (9) with the threshold time to failure
t, restricted to the defined range. Rearranging
equation (9), we have

;%Tpﬁo—_e.%—) = {VJ I.+Rpl; exp<—0.6%)}

(15)
where B is the W - B coefTicient given by
B=(T,,-T)A,JroK C, (16)
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The denominator term of the left side of (15)
and the exponential term of the right side is
approximated by taking the average at both
ends, t; and ¢;. The average values are 0.5275
and 0.6926 for the two functions. The current
threshold, the least value of I, which causes
thermal failure, is obtained as follows by solv-

ing equation (15) :

o B 1444
\ N3
In= 1+ — -1 amn
1444Rp | osers gl
Rp

For the forward bias case, the threshold cur-
rent may be easily solved for by applying V,=0
and t=t,in equation (15), yielding

7= Bexp(1.2¢,/7)

18
th R, (18)

where t,=0.417 7 is the maximum temperature
time for the fowrard bias which causes thermal

failure and by substitution

= 2.555—37; (19)
D

Similarly, for the reverse bias case, R;=0 in

equation (15), the current threshold is obtained as

I = 17805;,%; (20)
D

The results for the forward and reverse bias
are quite similar to those of Dwyer et al.”.
Hence, simple expressions for the threshold
current and voltage for transient ESD pulses
are obtained with only a small sacrifice in accu-

racy.

. Comparison with Experimental
Results

In this section, a comparison of the close

form threshold equation is made with ESD

threshold data from the literature®. A thick
field input protection structure similar to that
shown in Fig. 4 was the human body model
tested by Rountree and Hutchins® for a variety
of device widths and overlaps.

The assumption is made that the area con-
ducting the overstress current is the drain -
substrate junction between the drain contact
and the channel. Referring to Fig. 4, that area

1s,
A;=ndW/2+DW 20

where D is the overlap, W is the width and d is
the depth of the drain diffusion. The Wunsch -
Bell coefficient for a reverse biased thick field

input transistor is given by
B=(T, - T rDpC, A,
and by substitution
B=3.67x10"(ndW/2+DWYW - s'*} (22)
where

K=Si thermal conductivity=1.45 W/(cm - C)
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Fig. 4. Layout of thick field transistor.
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Fig. 5. Failure threshold as a function of device
width(diffusion overlap of contact=4.7 um).

p=Density of Si=2.33 g/cm®
C,=Specific heat of Si=0.65 J/(g - C)
T,,=Melting point of Si=1420 C

and
T, =Starting temperature=22 C

The quantities needed to calculate the
threshold voltage for HBM ESD voltage are the
device resistance R; and the junction voltage
Vp. Vi depends only upon the doping profiles
which are assumed constant across the devices.

Ry is given by
Rp=pL/A (23)

where p is the resistivity, L the length and A
the area of the active region. The value of Ry, in
Fig. 4 for reverse biased inputs is given by the

scaled resistance expression as®
R;,=(10"'Q —cm*VDW (24)

If it is assumed that the ESD source is an
ideal source, then the failure current, [, is
obtained from equation (17). This gives the
HBM ESD threshold voltage as

V,,=(1.5kQ)I, (25)

This method was applied to the data in refer-
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Fig. 6. Failure threshold as a function of overlap
(device width is 148 um).

ence (8). The first comparison is shown in Fig.
5, where the ESD failure threshold is plotted
versus device width, W, for a device overlap, D.
The data is shown as circles for 4.7 um overlap.
The line is the predictions using the threshold
equation. Overall agreement is good, which
supports the assumption that the area dissipat-
ing is between the drain contact and channel.
Fig. 6 shows ESD threshold data from Refer-
ence (8) versus device overlap for constant
device width. Agreement with data is good
until device overlaps are on the order of about
6 um. The ESD threshold starts to roll off,
while the calculation continues along the linear
trend. The roll - off suggests the HBM ESD
excites a differnt channeling mechanism at

overlaps greater than 6 um.

V. CONCLUSION

An ESD pulse due to an electrostatic discha-
rge at the p - n junction was studied using the
heat flow equation and the device circuit
model. In this paper, a simple and straightfor-
ward derivation from heat flow analysis with-
out the use of any constant power results yields
a closed - form expression for the temperature

function. A closed - form thermal model is used
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to obtain directly the current threshold and
failure time. Since ESD is a three - dimension-
al problem, the one -~ dimensional closed ~ form
temperature function is only valid for large
junction area and relatively small junction
depletion length. However, this is the practical
situation in most instances. The thermal model
has a good agreement with experimental
results. The closed ~ form thermal model
should be useful for the ESD protection struc-

ture design.

REFERENCES

1) D. C. Wunsch and R. R. Bell(1968) : Determina-
tion of threshold failure levels of semiconductor
diodes and transistors due to pulse voltages.
IEEE Trans. Nucl. Sci., vol NS - 15, pp. 244.

2) D. M. Tasca(1970) : Pulse power failure modes

in semiconductors. IEEE Trans. Nucl. Sci. vol.

NS- 17, pp. 137 143.

3) T. S. Speakman(1974) : A model for the failure

106

7

of bipolar silicon integrated circuits subjected to
electrostatic discharge. in Proc. Int. Rel. Phys
Symp. pp. 60 - 69.

D. G. Pierce, W. Shiley, B. D. Mulcahy, K. E.
Wagner, and M. Wunder(1988) : Electrical over-
stress testing of a 266 K UVEPROM to rectangu-
lar and double exponential pulsed, in EOS/ESD
Symp. Vol. 10, pp. 137 - 146.

Vincent M. Dwyer, Andrew J. Franklin, and
David S. Campbell(1990), Electrostatic dis-
charge thermal failure in semiconductor devices.
IEEE Trans. Electron Devices, vol. 37, NO.11,
pp. 2381 - 2387.

Gadi Krieger(1987) : Thermal response of inte-
grated circuit input devices an electrostatic ener-
gy pulse. IEEE Trans. Electron Devices, vol.
ED 34, NO.4, pp. 977 - 882.

Dong L. Lin : Thermal Breakdown of VLSI by
ESD pulse. IEEE IRPS, pp. 281 287.

R. N. Rountree and C. L. Hutchins(1985) :
NMOS Protection Circuitry, IEEE Trans. Elect.
Dev. ED - 32, NO. 5.



