T e

TR

e

st

A)-ALIY 570

NTIC FILE COPY

Reliability Sciences, Incorporated
2361 S. Jefferson Davis Highway Suite M-111
Arlington, Virginia 22202 (703)979-1414
This document has been approved

for puble releass and sale: s 11 ;
ornu;ﬁ;nrle@e a eig% %S i1 G8 E%?




ELECTROSTATIC DISCHARGE (ESD)
SIMULATOR EXPERIMENT

(Testing of Some Switches/Relays
for Application to an ESD
Simulation Circuit)

Prepared by:

S.A. Vrachnas

Reliability Sciences, Incorporated
2361 S. Jefferson Davis Highway
Suite ML-111

Arlington, VA 22202

For:

Naval Sea Systems Command
NAVSEA 06C31
Washington, DC 20362

October 1983

This document has besn approved
| for public relacre o ole; ite
" distribution Is wzlnited,




APPROVED FOR PUBLIC RELEASE.

DISTRIBUTION UNLIMITED.

NOTICE

This dccument was prepared under contract to the Naval
Sea Systems Command. The information contained in this
document represents the opinion of the author(s) and

not necessarily the opinion of the U.S. Navy. Neither
the author(s), the U.S. Government nor any person acting
on behalf of the U.S. Government assumes any liability
resulting from the use of the information contained in
this document.




S e Al e
L ARG

TABLE OF CONTENTS

Page
Introduction. 1
Experimental Set-Ups. 2
a. Errors Introduced by the Measuring Equipment. . . 3
b. Problems Associated with Charge/Discharge
Switches and Type of Capacitor Used . . . . . . . 4
Testing and Results 5
1) Vacuum Relay (22 KV, VS-6, Varian Inc.) . . . . . 3
2) Reed Switches (10 KV, W102HVX-2, Magnecraft
Inc.) . . . . e e . . 7
3) tercury Displacement Switches (3.5 KV, 8621-N.O,
H&B Instruments Inc.) . 8
4) Mercury Displacement Relay (“BSAB 12D, Magnecraft
Inc.) e . . . .12
5) Mercury Displacement Contactors (3.5 KV,
100NO-120ARH-6X, Mercury Displacement
Industries Inc.). 15
6) Triggered Spark-Gap (GP-92, EG&G) 19
Further Testing 22
a. Mercury Relay (Test #4) and Mercury Switches
(Test #5) at Charging Voltages above 10 KV. . . . 22
b. 100-Hour Cycling. 24
Conclusions 25
References Accession For
NTIS GRA&I
DTIC TAB
Unannounced O
Justification _ ______ |
’ Qr‘,;\‘ N BY
. Distribution/
=~”T°hp Availability Codes
- §Ava11 and/or
Dist Special
i
L ]
i




T R

b
ol

Wil

R e

i

INTRODUCTION

jOver the past few years, many models have been proposed
in an attempt to accurately simulate the human electrostatic
discharge using lumped passive networks. The complexity of
these models range from a simple R-C networkrll,27374]’t6-
networks incorporating inductance and multiple discharge
effects,LZ;ﬁTGTTL It has been generally accepted to simulate
the human touch by a "bounceless®™ switch that will provide
a consistently reproducible output waveform for device ESD
sensitivity testing.

This paper presents the results of an investigation/
testing conducted to evaluate different types of relays/
switches used as the switching mechanism for an ESD simulator
test set-up. The network used is the simplest, human body
model consisting of a single 100 pF capacitor discharging

via a single 1.5 K resistor Bl -,
N “"f-; {:’
R
Ve EXPERIMENTAL SET-UPS

The technical specifications of the relays/switches

that were selected for this experiment are summarized in
Table I.

The figure below shows the basic test set-up used:
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1.1 MQ, high voltage type

)
it

100 pF, 20 KV (H200-SD6-K-101-K, K&D Component Inc.)

RH = 1.3 K@, non-inductive, high voltage (106AS152J,
Carborundum Co.)

Power Supply = 0 to = 10 KV (Model 410B, Fluke Inc.)

Storage Oscilloscope: TEK 466 with P-6015 High Voltage
Probe

During preliminary measurements, a number of important
observatiorns, discussed below, were made that should be con-
sidered when implementing an ESD simulator circuit.

a. Errors Introduced by tne measuriag equipment.

Usually a storage oscilloscope is used for recording
the ESD waveform and measuring its rise time. The actual
rise time of the waveform is given by

2 2 2
T, ¥ \/is - tp - to where

t_ = rise time measured on the screen
Pl
tp = rise time of the scope's probe
9
s . _ 1n _ 0.35
to = rise time of the scope = ST (W) - BW

(For the TEK 466 Scope: BW = 100 MHz, t0 = 3.5 nsec, tp= 4.7 nsec)

I1f, for example, the rise time measured on the
screen was ts = 10 nsec, then the actual rise time of the

waveform is:

3
t_ = x/loz - 4.7% - 3.5 z 8 nsec
r

This indicates that approximately 207 error is intro-
duced for this case by the scope and probe. In addition, in




order to be able to capture (store), say, a 5 nsec rise time
waveform, the minimum writing speed of the scope must be:

0.84

t
r

Writing speed = > 1152 cm/usec where

A = number of screen divisions (A = 8, 0.9 cm/div.
for the TEK 466 scope)

b, Problems associated with charge/discharge switches
and type of capacitor used.

An output voltage loss was observed on an ESD simu-
lator set-up that uses separate switches to perisrm the
charging and discharging operations. These switches were
energized using an ON-OFF-ON switch to activate the correspond-
ing coil voltage. This indicated that the leakage resistance,
which relates directly to the insulation resistance of the
discharge switch and the dielectric leakage resistance of the
capacitor, is an important parameter for this circuit. As
high as practically possible, values of this resistance are
desirable.

Consider, for example, a 100 pF capacitor initially
charged to 4,100 Volts. 1If the effective leakage resistance
12 Ohms and the coil switch is left in
the OFF position for 5 seconds, then the output voltage after

is assumed to be = 10

5 seconds will be:

~-t/RC -5/100

V(t) = 4,100 e = 4,100 e ~ 3,900 Volts

Note that failure of a device during such test will
classify the device as being Class 3 of DOD-HDBK-263 (>4,000)
while the actual voltage that the device is tested at is
3,900 Volts, i.e., Class 2.

Another observation made during preliminary measure-
ments related to the type of capacitor used. A disc ceramic
capacitor (rated at 6 KV), charged to 500 Volts, did not




completely discharge under momentary short-circuit conditions
but a voltage recovery (‘''reappearing voltage') was observed.
This was considered to be due to the dielectric adsorption

effect, a little known but significant effect for some types

of capacitors such as Polyestyrene, paper and ceramic. Typical
values of dielectric adsorption range from 0.05% to 5% at 25°C.
This effect,and the fact that dielectric constant itself may
show significant non-linear changes with applied voltage for
some types of capacitors, should also be considered when
implementing an ESD simulator circuit.

TESTING AND RESULTS

1) Vacuum Relay (22KV, VS-6, Varian Inc.)
The ESD simulator implemented with a vacuum relay

exhibited bounce and, above 1000 Volts, output waveform
repeatability was difficult to obtain. In addition, it was
noted that the decay time of the discharge waveform did not
agree, for some tests, with the values of the resistor and
capacitor used. Excessive ''parasitic capacitance" was con-
sidered to be the cause of this. The capacitance of the
relay was measured to be in the order cf 20 pF across open
contacts.

Various modifications were attempted on this cir-
cuit such as: reversing relay contacts, using high voltage
diodes across contacts, and using different types of capaci-
tors. However, no essential improvement was observed.

Figures 1 to 6 show typical discharge waveforms
obtained with this relay.




Fivure 1: (Lharg;ng Voltage: 450 Volts) Figure 2: (Charging Voltage: 1000 Volts)
50 m\/small d;\.. 50 nsec ., ‘0.1 V/small div.. 50 nsec

s

Figure 3: (Charging Voltaae. 3000 Volts) Figure 4: (Charging Voltage: 3000 volts)
0.5 V/small div., 50 nsec v 0.5 V/small div., 50 nsec '

(Charging Voltage: 5000 Volts) Figure 6: (Charging \nltax\ JHRY Vel e
all d.w.. 50 nsos o T 7 small div.e, 50 nsee
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2) Reed Suitches (10 KV, W102HVX- 2, Magnecraft, Inc.)

The ESD simulator 1mp1emented with two reed switches
~ (for the charging and discharging operations) e\h1b1ted problems
similar to case of the Vacuum Relay (i.e., parasitic capac¢i-
tance effects) for voltages less than 3000 Volts. Above 4000
Volts, output waveform repeatability improved considerably.
Typical discharge waveforms obtained with these

switches are shown in Figures 7 to 10.

. Figure 7: (Charging Voltage' 200 Volts) fi ure 8: (Charging Voltage'FZOOO Volts)
© 20 mV/small div., 50 nsec 0.2 V/small div., 50 nsec’ . _ _

Figure 9: (Charging Voltage: 4000 Volts) Figure 10: (Charging Voltape: 6000 Volts)
0.5 V/small div., 50 nsec 0.5 V/small div., 50 nsec :
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3) Mercury Displacement Switches (3.5 KV 8621-N.O.,
H&B Instrument Co.)

Two mercury displacement switéheé were used to
implement the charging and discharging operations. The
circuit exhibited good output waveform répeatability over
the voltage range of O to * 3000 Volts with no bounce. ‘
Typical waveforms obtained in this voltage range are shown
in Figures 11 to 14.

Although sw1tches used were rated at 3.5 KV »
(dielectric standoff voltage), repeated measurements were
tuken from * 4 KV up to = 10 KV with very good repeatability.
However, the discharge waveform exhibited "noise" believed
to be due to partial breakdown of the switch dielectric
material. The measurement set up may have also contributed
to this problem. Waveforms obtained in this voltage range
are shown in Figures 15 to 19.
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Figure lla: (Charging Voltage: +500 Volts) Figure 11b: (Charging Voltage: -500 Volts)
50 mV/small div., 50 nsec 0.1 mV/small div., 50 nsec (Inverted)

Figure 12: (Charging Voltage: +1000 Volts) Figure 13: (Charging Voltage: +2000 Volts)
0.1 mV/small div., 50 nsec 0.2 mV/small div., 50 nsec

Figure l4a: (Charging Voltage: +3000 Volts) Fipure l4b: (Charping Voltn%e: =3000 Vvolts)

0.5 mV/small div., 50 nsec 0.5 mv/small div., 50 nsec (Inverted)




10,

Figure 15: (Charging Voltape:
+4000 Volrs)

0.5 mV/small div., 50 nsec

Figure 16a: (Charging Voltage: +5000 Volts) Figure 16b: (Charging Voltage: -5000 Volts)
0.5 mV/small div., 50 nsec 0.5 mV/small div., 50 nsec (Inverted)

Figure 17a: (Charging Voltage: +7000 Volts) Figure llh: (Charging Voltage: =-8000 Volts)
1 V/small div., 50 nsec 1 V/small div., 50 nsec

3yl e s




11.

Figure 18a: (Charging Voltage: +9000 Volts) Figure ISBﬁ (Charging Voltage: -9000 Volts)
1 V/small div., 50 nsec 1 V/small div., 50 nsec

Figure 19a: (Charging Voltage: +10000 Volts) Figure 19b: (Charging Voltage: -10000 Volts)
1 V/small div., 50 nsec 1 V/small div., 50 nsec
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4)  Mercury Displacement Relay. 'M35AB~120, Magnecraf,
Ine,)

Discharge waveforms obtained with this relay are
shown in Figures 20 to 27. The mercury relay used was rated
GO0 VAC, 25 Amps with divlectric strength (across open con-
tacts and contuact to frame) of 2,650 Volts (RMS, 1 sec). How-
vver, even at = 10,000 Volts, no problems were éxperivnced
other than the "noise" on the waveform believed to h¢ due
to dielectric breakdown as in the previcus toest,

Over the 200 to 10,000 Volts range, the output wave-
form exhibited very good repeatability for both positive and

negative voltages, with rise time less than 15 nseconds.

Figure 20a: (Charging Voltage- +500 Vblts)"_.——Flgure 20 ‘(Chargiﬁg’Voltage: =500 Volts}
0.1 V/small div., 50 nsec e 0 1.V/small div.,:50 nsec. o ‘

Figure 2la: (Charping Voitagc: +1000 Volts) Figure 21b: (Charging Voltage: =1000 Volts)
0.1 V/small div., 50 nscc 0.2 V/small div.. 50 nsec




Figure 22a: (Charging Voltage: +2000 Volts) Figgr; 22
0.2 V/small le., 50 n5ec

(Charzlng Voltage. -7000 Vo]ts)
2 V/small dzv., 50 nsec

+4+++
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Figure 23a: (Charging Voltag

500 g . Voltage: =3000 Volts)
0.5 V/small div., 50 nsec . = . o '0 5 V/small

50 nsec

Flgurc 24b: (Charping Voltage: «a000 Velis)
0.5 v/small dive, 50 nxee




Figure 25a: (Charging Voltage’ +5000 Volts) Figure ZSbé’(Charging Voltage: =-5000 Volts)
0.5 Vv/small div., 50 nsec _ 0.5 V/small.div., 50 nsec

;
i
;
:
g

Figure 26a: (Charging letégé;m;s iiébi
1 V/small div., 50 nsec - '

Pi'urc 27a: (Charping Voltape: +10000°Volts) Figure 27b: (Charging Voltape: 10000 Volis)
T V/smatl div., 50 nsce I V/small dive, 50 nsec




S Mercury Displacement Contiac tors (3.5 KV, J00NO-
120ARH-6X, Mercury Displacement Industries Ine,o

As in the case of Test =3, separate switehes were

Used o implement the charging and discharying operat ions.

| Wavetorms with very good repeatability were obtained in the
U te 2 10 KV voltage range and :are shown in }-‘lgl'xn_-.\ 28 to

K3 [t i~ noted that these switehes were al=o ratoed at 3.5

Observat tons made Begarding wavetorm behavior above

1,000 Volts were similar to Test =°

3.

Figure 28: (Charging Voltage:

Y

{° 3 : *

H M 4 v
l«—'—.*i*‘“*'*“ TR
p N
i . 5 .
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Fignre 29a: (Charging Voltape: +1000 volts) Fipure 29b: (Charging Voltase: ~1000 Vot
e e o e o = > . L —

k S A i
of V/small div., 50 nsec . AN 001 Vsmall dive, 50 nsec
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Figure 30: (Charging Voltage: +2000 Volts)
0.2 V/small div., 50 nsec :

Figure 3la: (Charging Voltase: +3000 Volts) Figure 31b: (Charging Voltage: -3000 Volts)
0.5 V/small div., 50 nsec - 0.5 V/small div., 50 nsec

Figure 32: (Charging Voltaye: +4000 Volts)



Figure 33a: (Charging Voltage: +5000 Volts) Figure 33b: (Charging Veoltage: -5000 Volts)
0.5 V/small div., 50 nsec 0.5 V/small div., 30 nsec
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Figure 34a: (Charging Voltage: +6( Figure 34b: (Charging Voltase: -6000 Velts)
1 V/small div., 50 nsec , t V/small div., 50 nsec

>
.
.

bal

PP SIS SRRy
. : -
.

U
N

Firure 35@£ (Charping Voltayge: +7000 Volts) Sipure (Charyine Voltaper =7000 Yolts)

f/small div., 50 nsec S div., 20 nxee
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Figure 36: (Churging Voltaue: +8000 Volts)
§ 1 V/small div., 50 nsec

Figure 37: (Chargihg Voltage: +9000 Volrcs)
1 V/small div., 50 nsec

Fieure 38a: (Chareing Voltagpe: +10000 Vol L) Figure 38b: (Chary ine Voltase:r =10000 Vet

[ V/small div., 50 nsec PV /Zsmall dive, S0 ased




6) Triggered Spark-Gap (GP-92, EG&G)

19.

The ESD simulator implemented using a triggered spark-

gap as the switching element was the most complex one of the

circuits implemented as shown in Figure 39. The spark-gap is

triggered using the circuit of Figure 40 which produces the

indicated triggering pulse.

+ Rs
O——ANA -
b orc >107 T
I S H - A
(Charging Current 1.1 MQ

less than 5 mA)

High Voltage

Input g =t Triggering

(8~20 RV) H Circuit
100 pF 1,000 X (See Fig. 40)

(To Oscilloscope) '
RH (or TMA411A
1.5 KQ Triggdr Module)
O— —— e e —— —,
Figure 39: ESD Simulator Using a Triggered Spark-Gap

The operation of this ESD simulator is as follows:

Capacitor CH (representing the human body equivalent

capacitance) is charged through a high vaiue resistance (RS).

The spark-gap is then triggered by applying the pulse of Figure

40 which causes the gap to switch from a non-conducting to a

conducting state (in a few nanoseconds), thus discharging CH

through RH that represents the human body equivalent resistance.




20.

st~

E 0.5 uF C, =500 pF
3 + 1.1 MQ 500 V 20 KV
] O———AA 1 | | -
: 200-450 1 4 To Trigger
- vDC Electrode
E (VT = 5-12 KV)
e SK3503
5 100 & .
O—ANN
| Trigger
(+ 12 VDC) 2 3
G,
O 4

[ T
W
-—

9 P.T = Pulse Transformer
3 TR-1484, EG&G Inc.
CT = 30DK~T5, Sprague Elec. Inc.
(1 V/small div., 0.5 usec/small div.)
Figure 4C: Spark-gap Trfggering Circuit and Trigger Pulse

The spark-gap used had a Self-Breaxkdown Voltage (SPV) of
25 KV, therefore, optimum operating range was 8 to 20 KV (50 to

80% of SBV). Below 8 KV, erratic triggering was experienced.

Above 20 KV, self-triggering of the spark-gap will occur. The

minimum required trigger voltage was VT 8 7 KV. However, for

reliable triggering and in order to minimize jitter, this voltage
was set well above 7 KV with trigger pulse rise time less than
0.5 usec and pulse width of more than 1.5 usec (see Figure 40).




Typical waveforms obtained with this set up are shown
in Figures 41 to 44. 1t can be seen that the discharge wave-
form 1s dominated by the characteristics of the spark-gap
(possibly the delay time that is in the order of 100 nsec),

resulting in an output waveform having time constant much

greater than the RHCH = 150 nsec expected.

Figure 42: (Charging Voltage: 11000 Volts)

Figure 41: (Charging Voltage: 9000 Volts)
1 V/small div., 0.2 usec

1 V/small div., 0.2 usec

Figure 43: (Charging Voltage: 12000 Volts) Figure 44: (Charging Voltage: 16000 Volts)
2 V/small div., 0.2 usec 2 V/small div., 0.2 usec
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FURTHER TESTING

a. Mercury Relay (Test 54) and Mercurv Switches
(Test %¥5) at Charging Voltages above 10 KV

Measurements were taken on these set-ups in the voltage

i range of 10 KV to 15 KV (charging source: HV130~152M, High
5 Voltage Module, Plastic Capacitors, Inc.).

Figures 45 to 47 and 48 to 531 show waveforms obtained
with the Mercury Switches (Test #5) and the Mercury Relay (Test
44) respectively.

It can be seen that arcing and dielectric breakdown

mentioned earlier is more pronounced in this voltage range.

Figure 45: (Charging Voltage: +11000 Volte)

1 V/small div., 50 nsec

Figure 46: (Charging Voltage: +13000 Velts)  Figure 47: (Charging Voltage: +15030 Volts)
2 V/small div., 50 nsec 2 V/small div., 50 nsec
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Figure 48: (Charging Voltage: +11000 Volts)
2 V/small div., 50 nsec

Figure 50: (Charging Voltage: +13000 Volts)
2 V/small div., 50 nsec

23.

Figure 49: (Charging Voltage: +12000 Volts)
2 V/small div., 50 nsec

Figure 51:

(Charging Voltage: +15000 Volts)

2 V/small div., 50 nsec
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24.

b. 100-Hour Cycling

Since the Mercury Relay (Test #4) and the Mercury
Switches (Tests #3 and 5) were used well above their rated
voltage, it was considered necessary to determine the effects
of charge/discharge cycling on their behavior.

Using the timing circuit shown below, over 100-hour
cycling was performed with each set-up being in the '"Charge"
position for 5 seconds and in the '"Discharge" position for
25 seconds, resulting in 120 cycles/hour.

+ 12 VDC
Q
470 K
AN
1 M
PR 1 K ~+~<g To Relay/Switch
) ! Coils
’ |
T 7 | L—-—-O
10 M SZ 3
555 IN914
: P 3
1N914 |
2 | -
d BN
10 uF
W o 5 sec 25 sec .
- —

The Mercury Relay was cycled 6,000 times at + 10 KV, 6,000
times at - 10 KV and 1,200 times at + 15 KV. Similar cycling was
performed for the Mercury Switches. Output waveforms were recorded
periodically and at the end of cycling.

For both test set-ups, no detrimental effects were observed
as a result of the extended cycling at these high voltage levels.
Figure 52 and 53 show discharge waveforms obtained at the end of

15 KV cycling for the Mercury Relay and Mercury Switches respec-
tively.
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Figure 52: (Charging Voltage: +10000 Volts) Figure 53: (Charging Voltage: +l0000 Volts)
1 V/small div., 50 nsec 2 V/small div., 50 nsec

CONCLUSIONS ¥

Of the six experimental set-ups investigated in this report,
the following three can be considered suitable for ESD simulation?

e Mercury Switches -- Test #3: Up to + 5,000 Volts
e Mercury Relay -- Test #4: Up to + 4,000 Volts
® Mercury Switches -- Test #5: Up to + 7,000 Volts

These set-ups can also be used for test voltages as high
as + 15 KV with good output waveform repeatability; however, above
the indicated voltage level, the waveform will show signs of
partial dielectric breakdown becoming more pronounced at higher

voltages.
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