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ABSTRACT

Devices were designed and constructed that would demonstrate the ability to
act as surge suppressors for electrostatic discharge. In addition, materials
selection efforts combined with the sélection of fabrication processés helped
demonstraté that Cu and even more so, W metallization in conjunction with a glass
filler phase would show measurable performance as a lightning surge suppressor.
Microscopy and data ‘support the actual device pei’formance and indicate that for a
. lightning pulse, W, as opposed to Ag and Cu, is required for device metallization
due tb its high mélting point. Glass, as opposed‘ to an organic polymer, is needed

as a filler due to its resistance to pulse-induced disintegration.
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DEFINITIONS

Attenuation of a signal through its inductive charge céupling

with a passive electrical component leading to parasitic loss in
signal integrity.

Approximately steady-state voltage reached after collapse
from the peak voltage in the voltage vs. time plot of an surge
suppressor during its activation, just prior to switching off.

Though a misused term, generally refers to an electrically'

insulating material. :

The switching from a relatively electrically insulative to
relatively electrically.conductive state of a material, through the
application of a quantifiable, adequate voltage.

" Electrostatic discharge. The release of a static charge, often
from the human body, which impinges upon an electrically

conductive surface. ‘

Maximum voltage reached in ‘the voltage vs. time plot of an
surge suppressor during its activation. ©

A circuit protection device which switches from a relatively
electrically insulative to relatively electrically conductive state,

in response to a given over-voltage, so as to drain excessive

current through itself and away from a given electronic
component. ‘ . ~

Instigation of switching of a surge suppressor from a relatively
electrically insulative to relatively electrically conductive state.
Minimal applied voltage, under specific test conditions, which
will successfully activate a surge suppressor to switch “on”.

A specific, solid-state surge suppression device.




Section 1

Background

Voltage surge-inducéd electrbﬁié' 'féiluresl 'repre‘sent a multibillion dollar
problem for the U. S.‘ and world ‘mic’rc‘ae‘léctroniAc's industry [1-3]. Such voltage
surges can harm or destroy delicate electronic components, principally
integrated circuits (ICs). Conventionally, in the actual electronic circuit containing
the IC, the present approach taken to "deflect" the excessive current assoqiated
with the over-voltage event from hitting the IC device is to place a surge arrestor
in parallel with it. These vary from metal oxide varistors (MOV) to diodes to gas
discharge tubes with each satisfying various operating parameters including

trigger voltage, "clamping” voltage and response time.

The present development project was able to markedly upgrade a particular
ESD surge-suppressor to make it capable of suppressing a higher power over-
voltage event, using materials substitution and materials processing modification.
This work entailed the substitution of both higher melting point metallization and
gap filling phase, as well as improved processing, as required, in order to allow

for production-level fabrication of devices.




N

Such devices are required .in a:variety of sizes and footprints that can provide
for one or more signal-to-ground shunt connections per unit device. These devices
will be able to be VSLirface—moun;ted to PC boards for a variety of protection

T,

scenarios for'over-voltage events oceurring in the vicinity of delicate electronics.

. Surge\VoItage

The‘ three basic over-voltage threats are shown quantitatively in Figure 1.
'Electrostatlc d|scharge (ESD) typicaliy occurs when a person (e 9., technrcran
repairman) comes in dlrect physical contact with an operating electronic system
" and static charge jumps off h|s/her body L|ne transrents are surges in AC power "
V‘ I|nes that can also induce voltage in an adjacent line. Switching response can |
also‘ induce Iine“transients FinaIIy, there are lightning strikes that hit either a -
stationary object, such as a bU|Iding, ora mobile object, such as an aircraft or a
'mrssue suddenly overloading the: systems eIectronics At peak power each of

these threats can destroy an IC at the Iocal or system Ievei

Figure 2 illustrates two typical oyer-voltage-induced,' non-recoverable damage
events that can strike an IC. In case 1, the gate oxide in a transistor structure wil

~ be so heavily overloaded as to rupture and become filled with metal‘from the

gate contact. In case 2, the gate metal itself can be melted and fuse open In

either case the over-voltage can Iead to excessrvely high |on|zation or resistive










e Surge Suppression/Arrestment

The conventional means of contending with over-voltage is to place a surge
suppressor in parallel (to ground) with the IC so that when the circuit experiences
an over-voltage condition, the suppressor will switch from insulating to
conducting, allowing the excess current to pass through it and not through the IC
device [4-5]. This is simplistically depicted in Figure 4 where an over-voltage of
adequate level will “trigger” the surge suppressor causing it to act as a
momentary conductor, draining the excess current through it and away from the

IC.

A surge suppressor is usually a solid-state device which switches from an
electrically insulating to a conducting state in response to an applied voltage that
at least reaches the suppression device's breakdown level. When an over-
voltage of sufficient magnitude necessary to “trip” the device is experienced, the
suppressor becomes conductive. Initially, the suppressor will exhibit a voltage
peak that will drop to a steady voltage maintained across it and then dissipate to
zero or the normal operating voltage of the IC. This steady voltage is called the
"clamp voltage", which is essentially the voltage to which the device limits the
IC's exposure. Figure 5 shows a typical oscilloscope trace of both current and
voltage for a successfully tripped surge suppressor. The switching is illustrated

by the voltage trace. During the surge, the built-up voltage triggers the device (or

n




material) at the voltage peak. The vo’ltage then falls to the clamp voltage level
until the over-voltage surge falls fully to the normal operating level of the circuit -

.being protected.

It: is desirable for a surge suppressor to exhibit the following behavior.

1. Switch from insulating to conducting as quickly as possible after the over-
voltage is applied to the circuit. This is known as the suppressor's "responsé

time".

2. Exhibit a reproducible clamp voltage that is between the normal operating
voltage of the IC or hardware circuit it is protecting and the voltage that will
threaten to irreparably damagen the circuitry. This is often called the "threat

voltage".

3. Exhibit minimal Ieakagé current and hinimal capacitance during normal
voltage operation of the circuit being protected. Low capacitance is a
paramount issue in particular in_higher speed circuits, because fast signals |
will be more susceptible to distortion due to capacitance interaction with

circuit elements [5] (see Figure 6).
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Fig. 4- Simplistic schematic depicting the use of a surge suppressor
placed in parallel to the IC with respect to ground. :
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Fig.5- A waveform>trace'in'dicating that a rapidly appliéd over-voltage
surge will trigger a surge arresting device to switch from an
insulating state to a conducting state.



. Surge Suppressors
- A surge suppressor is a device that will -switch from an insUIating to

conductive state at a given“_f'no.miri“é‘l, }j.ft:hrea&t»” vpltég‘e; This behavior can be

depicted in a plot of current (I) vs.-Voitage (V) as, shown iri Figure 7. Preferably,

this swifchirjg is fully reversLiBIe; after the bvér-voltége event is over.

Two popular,-comfﬁercialiy é;/ailable .surge' ‘suppression devices éfe diod'es_
and varisfors. In the case of Aiodes, -théré are two principal typés: avalanche and
.‘tunﬂneling, Avalanche diodes~~69n,si$t~<5f a‘\p-n’junc'tion'aligned in the direction of
current flow n-té-p.‘ At a given vdltage, elecfroné bégin to flow across the junctibn .

colliding with the lattice and~liberatirtmg more electrons into the current flbw.
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Tunneling diodes can be made as p-to-n devices with additional doping of the

parent semicdnductor, over the doping scenario used for an avalanche diode.
Tunneling is a basic phenomenon that exhibits a sharp non-ohmic response
' (change in resistance versus voltage) at voltages that are in large part a function

of the dbping concentration éh_d doping transition thickness [6-10].

Most varistors are zinc oxide (ZnO) based compositions. The electronic

microstructure of correctly processed zinc-oxide varistors is described as follows.

Each grain has é negative charge at the grain boundary that in turn induces a
positive charge in a fegion just beneath it in the grain itsélf. This is knowﬁ as the
depletion zone beéaqse it is dépletéd of negative’jcharg'es. This polarized surface
represents an elect‘rical‘barrier to condﬁ'ction ’vs./here .thlere'are isolated negative
charges on the grain surfac'e,’bu't they are held ac;wn by the induced Faraday
charge beneath it in the depletion zone. This is. known as a Séﬁottky barrier.
Between grains is an electriéal'ly insulating intergranular,phase, and on the
opposing sides of the intergranular phase are mirror images of a Schottky |
barrier. This is known as a double-Schottky barrier (Figure 8). Its sigrﬁficance lies
in the fact that the overall ellectrical energy barrier required to be crossed Vis not
merely the surface charge/depletiqn one dipole; but aléo the adjacent grain's
own surface n;p/p-n junction étructure. In short, the mirroring of the Schottky
barriers is part of the overall conduction barrier level [11-12].

10
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Fig. 8- Depiction of double-Schottky barrier. Center '
vertical reglon is grain boundary. ‘

The general theory of the |nsulat|ng to- conductlng transition in such a

mrcrostructured materlal is the overcoming of the energy barrier ‘established by

the Schottky barrier so as to'liberate the free electrons from the grain surface -

| and re- supply them from the over-voltage itself. Once the charge |s both
lrberated from the Schottky barrrer and glven suffi crent potentral Art will cross over
the. |ntergranular phase via thermlonrc emrssron at low voltages and tunnelrng at
h|gher voltages This potent|aI must aIso be sufficient to propagate an electron

past the next Schottky barrier it sees and 80 on Because this transrtlon can

occur over a small change in voItage this provrdes a stark contrast between the

material's |nsulat|ng and conductlve state. This general behavror is comparable'

to solld state diodes in that the double Schottky barrier can ble considered to be

_opposi‘ng p-n junctions. The clamping voltage of a ZnO varistor will clearly vary




with overall thickness (i. e. total number of grain boundaries per direction) [13-

15].

.o Present Suppressor Condepf ' |

To déte, Oryx Technology Corp (Fremont, CA) has successfully desigheg ‘
d-evic‘es for the suppression of ESD 'trahsient voltage,_evc-:‘.n‘ts. ‘As depicted in
Figure. 9,,thi:s device is eséentiélly a micro-spark ga;; with a dielectric or";h'etvf'bf‘ :

. -dielectric filler placed in the gap (MGDF).

The utility of this simple design includes:

1. Simple means of fegulating_ the dielectric filler thickneés, and

) 2. in-plane grounding of the over-current.
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Fig. 9- Overhead and side views of a single signal line-to-ground
surface-mount component prepared with a microgap.




. Theory of Device Behavior

3 .
!

The MGDF device behaves rna manner completely consrstent with dielectric
breakdown theory Other surge suppressors (e g Zener drodes and varrstors)
~ achieve high non-llnearlty of resnstance versus voltage through “specific
conduction mechanisms such as quantum tunnellng and double Schottky barrier

,coIIapse The MGDF device drsplays non- ohmlc resistive change through the ‘_
: desrgn of an |nsuIator or |nsulator/conductor composrte in whrch a suffcrentr

number of its valence band electron populatlon can be forced into its dlelectrlc -

' structures conductlon band. In srmpler terms an |nsulator is only an |nsuIator

until sufﬁcrent voltage is applled across rt to Ilberate a representatrve number of .

-rts rnternaIIy-bound electrons. Thrs processls termed “dlelectricbreakdown”
[16-18]. In reality, there' is clear 'indication that t‘his breakdown is accompanied by
th'ermionic vemission (i. e. transfer‘of -vthermall'y emitte.d electrons) across the
dielectric space [19]. This can be considered equivalent to electrons from the |
, Js‘ignal contact being injected directly'vinto,the conduction ban‘d .of~the d’ieIeCtric '

“phase.

D|eIectr|c breakdown can oceur in approxrmately 1 ns andis: accompanled by
a several ‘order of magnitude drop in the resnstrwty of the d|electr|c be|ng,
evaluated.‘ Breakdown occurs at a given potentral across the dielectric known as

the “breakdown voltage”. By definition, the breakdown voltage is given by

14




V,=Kxt, (1)

where K, is the material's ihherent property known as ifs dielectric strength giveni
in terms of potential/distance (e. g V/mm), and t is the thickness of the dielectric
sample being evaluatéd (F'ig. 10) [16-18].. A material of thickness, t, will require a
voltage be established across it equivalent to the thickness times the dielectric
strength of the material. This'means that, due to the rapid rise time of the voltage
pulse, traditional dielectric strength values taken under steady-state conditions

will be approximate.

‘._t—‘

Fig. 10- Simple depiction of dielectric breakdown conditions.
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When applying an ESD pulse across a gi\/en dielectric of a given thickness,

‘ _and with a given’characteristic dielectric strength, brea‘kd,own will occur yvhen the
breakdown voItage is reached. The breahdouvn' event, as recor‘ded on an
:‘adequately fast oscilloscope, will be'v characterized by a peak voltage and a
.clamp voltage. The actual time of switchinjg of the dielectric is not necessarily thel
"tirne necessary for- the peak voltage to be reached. Hotrvever, for' the sake of

discussion, we will assume that it is.

The ‘ peak voltage will ‘foi!ow _the‘: ,breakdown 'vo'lta‘ge in the manner
represented in equation (1. During the brealrdown.event the dielectric becomes -
a conductor and excess current rows through the suppressor and away from the’ ‘
IC Once the vpeak is reached the voItage will collapse to a nominal voItage
' range within a finite trme period shortly after This voltage is an |nverse measure
of the conductance of the suppressor that is the degree to wh|ch the suppressor )

converts toa conductor and how fast. The voltage that is recorded at this point |s: -
* termed the cIamp volltage‘, whlch“by deﬁnrtlon is the wvoltage_across the'IC being

protected while the breakdown event is being maintained.

Such a concept can be put to use in the desrgn and fabrlcatron of a surge

suppressor provided that the foIIowrng crrterra are met.




o 'Thé breakdown ev,e'n,t must be fully rééov'erable, that is the suppressor muét
become a full insu'latcér after the é\éelr-voltage even% ceases.
e The suppressor, as largély charactlérized”by its Composition a.nd,configuratibn
_ (including thickness) "m'ust 'éxhibit '.adequately low peak voltage, dlamp .
voltage, time of activation (re'spbn_se time) and any other beﬁérmancé ;
parameters of application-S[;e;:iﬂc interest (é. g.,‘ ‘Ieakage currént and/or

- capacitance).

By.introducing coriducti\}e p‘érticles into':a dielectric matrix one is geometrically
eétablishi'ng a m.ateriél wh’ic::h‘ Acar%‘u.ﬁr;dergo dielectric breakdowﬁ not through its’
éntire thickness but only through the ne;t di-élebtric path Ieﬁgtﬁ (Fig. 11). This is
the path that must be érosse‘c'j' in tﬁe intervehing dieleétri_c space betweén
.neighboring conductive pairticl;I‘e's'within 'thé composite_ becauée the electrons in
the conductive particles aré alregdy_in a 'liberated state. Ignoring second order -

- effects éuch as inter-conductive part‘icle scattering, equation (1) be"comes
V=K, x I, (1)

where t, is the conductive particle ihte'r'pé'r"tig";l'e",}dbistance.




Fig. 11-  Model of d“ieléctric.t bréakdoWh of compdsited structure. A
“net” dielectric path must be crossed in -order to achieve
complete dielectric breakdown. '

k "Th‘e benefit of su:ch an aﬁ_pro'achqt'o a MGDF design is the ability' to g‘enefaté a

éuppressér with acceptably |ow>peak and clamp voltage values while having

’subs;tar\mt-ial overall thicknes's as 6pp§éed to th’eA thickness required to .obtain the

léérﬁe ‘perf;erahbe using an 'Iunﬁl‘led dielectric. The primayry édvéntage -'wourld‘

'  thus be substantial éngineering simplificétion due to the use 6f a material whose:

opéraiional thickness is far easitler‘ to réproducibly'fabricate.- .Through 'Iaser

'micromachining,_ however, unfilled dielectric fillers have been shown to provide

resbectéble sﬁppression pérformance.‘The uée of unfilled dievlec-tn;’c;ﬂllers— aIIow‘sA

.for simpliﬂqation '6,f the filler phase formulation and application.
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° Applications :

A MGDF suppressron devrce wrth hrgher power-handlrng capabrlrty has

potentral use in suppressrng Ilne transrents and Ilghtnlng strrkes

. As opposed to diodes and varistors, two advantages of the MGDF‘concept are :

1. extremely low ieakage current, owing to a lack ot phenomena that tend to
f i'ntroducepthis (e. 'g.,ptunnelin‘g), and

2. extremely low capacitance ddrivng ‘_normal. applred “voltage, be'cau'se
phe'nomena that tend to i‘ntroducel this (e. g., doubIe—Sch‘ottkyvt.)arrier

" structure) are absent.

Figure I-12 shows a comparison of a I‘Jaselinersquare wave'passed,in parallel
to the various suppressors evall.rated. This figure illustrates the severe damage_ '
" to the clarity“and amplitude.of"‘th‘e input signal when diodes and varistore are
employed. However MGDF im‘parts eseentially no noticeable ‘signal att'enuation.
This is a paramount performance advantage of MGDF in that as IC development
" and operatron tend toward high srgnal speeds, such capacrtance mduced signal

damage becomes an ever—rncreasrng first order threat to chrp performance
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Fig. 12- Square input signals transmitted in parallel to various surge

suppressors. From [20]. -

o Implications for Defense-Based Systems

Military electronics are vulnerabie to exposure to ah eIectfomagnetic pulse
(EMP). Such a pulse 'Ican either be generated by nuclear detonation or when
lightning flashes in the general vicinity of an object sueh as a stationary missile
or one in flight. The EMP interacts with a eystem,in much the same manner as
radio waves excite»an_’antenna. The net effect is a current flowing on the skin
and cabling of the sysi.te‘m.‘ The -current transients are damped sinusoidally.
Electronic circuits are the most sensitive components of a system. The EMP
transient may cause ups‘et or burnout of interface electronics. One hardening
technique is to providel surge suppression at the inpdt to the electronics box. The
suppression device is ‘typically a Zener diode. The disadvantege of the Zener
diode is that its capacitance increases with its power handling capability. Large
capacitance degrades the normal operational signal [4]. Another disadVantage

is that two back-to-back Zener diodes are required to achieve bi-directional surge
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o Pulsed, IR Laser Machnining

As opposed to more traditional and conventional industrial lasers (e. g., most
CO, lasers), Nd:YAG lasers can provide for greater cut resolution, due to a
shorter wavelength. When oppérated in a high pulse frequency mode, short
bqrsts of Iasér light instigate thermal evaporation and sublimation from the cut
surface with a substantiglly reduced thermal field. The minimization of thermal
input on the cut surface allows for sharper cut surfaces to be formed without

melt-induced cutting distortions. [21-22].

o Circuit Metal Conductivi;y

It shouid be noted that circuit metallization thickness must be adequate so that
the pre-cut circuit not provide any detectable resiétance of a high _frequenéy pulse
to the suppression path. Any resistance wbuld increase the clamp voitage of the
switched closed microgap because it will impede the discharge of the over-voltage

from its peak value (sée Fig. 14).
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o I
‘-_" Resistance 1h path to ground impedes transient collapse.
. : .

tal
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' Clamp voliage becomes higher.

- Clamp
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- TIME —_—> ’
Fig. 14- Contrlbutlon to clamp voltage due to
- reS|stance of devnce

A key factor in determlnlng mlcromachlmng rate, gap width tolerance control

and gap cutting resolutlon is metalhzatlon thlckness In order that a microgap fully

-open a cwcwt path, the gap must be cut clean through the circuit. Mlcrogaps will be

‘machined into the circuits through Nd:YAG Iaser machlnmg.vThls step will include

the large tesk of optical syste_tﬁ'reusterﬁi‘zétien‘?ter this:iiapplieation.

e Previous Work

The present ESD suppressor is being made by Bussmann Corp (St. Louns‘ -
MO) by diamond wafer saw cuttmg of gaps approxmately 25 pm in wndth

(0.001"). These gaps are presently being cut into a thlck film metalllzatlon that -
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consists of 90 wt. %. Ag- 10 wt % Pd in a glass frlt matrlx The substrate being

used is a Iow-temperature glass tape structure [24] ThIS was chosen over the

O .~ '

more conventional Al,O, because of |ts Iesser wear on the dlamond wafer saw, -

which inevitably must score through the metallization/substrate'interf"ace in order
. to ensure that allv—gaps are cut _fully 'thfough. These gaps are being filled with

polymer-based dielectric ink compositions that are then cured in place.
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Section 2.

Technical Oi)jec‘tivés

Research to date has shown that an ESD surge suppressor can be fabricated
by wafer sawing of gaps into a device array built onto a cirquit board substrate.
The design of the device includes wrap-around metallization for connection of its
surface mount pads to the suppression‘circuit' region. In order to fabricate devices
in a commercial arena, it is important to develop a manufacturing scenario that will

have the following feature.

e Desired performance parameters',
o Low unit cost of fabrication,
¢ High volume fabrication capacity,
e High fabrication throughput,

e Highyield

in order to redesign the exitsing device capable of suppressing a higher

power over-voltage event, it is necessary to make materials substitutions in

the device design. A comparison of the relevant materials is presehted in Table I.




Table I. Comparlson of Metalllzatlon and Gap F|IIer Materlals

' ‘ Metalllzatlon e Matrlx of Filler Phase
| Present Design Ag-Pd - organic polymer
" Temperature Limit | approximately - - | ~250°C
- , 1,000:C. - L .
Proposed Design #1 ‘| Copper . ..~ | Inorganic glass
Temperature Limit T,=1,083°C . | ~500°C range
Proposed Design #2 | Tungsten £

Temperature Limit T.=3,410°C ‘ TR

In adapting such a device to handle the substantiallv greater amount of

energy and peak power of a I|ne tran5|ent or a Ilghtnlng strlke event,

certain materials selectron changes were |nvest|gated Concurrent with these

» changes was the lntroductlon of Iaser m|cromach|n|ng of the dewce gaps.

© The primary limitations of the presently designed deV|ce are those materials
‘issues which make such components mcapable of survrvmg the power
‘assomated with the sw1tch|ng and groundlng response of current associated with .

| substantially higher transient over-voltage strikes.
In order to allow for the mo'stlconservétive approéch to developing a higher

power surge-suppressor, the following changes to device materials selection are -

proposed.
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First, the substrate selected for the devrce was .96 wt. % ALO, (CeramTec

Inc., North Mansf eId MA) This is a srmple-to process readrly avarlable and ;.
commercrally-acceptable substrate, materral [25-28]._ In addrtron, conventronal
thick film mietallization inks are available'for metallization of the ‘ceramic with
" refractory metals ha\/ing reasonably-low 'eIectricaI resistivity [29]. These-are
principally Mo and W—based pastes [30;32]. Second, one ke); metaIIization

evaluated was tungsten-based due to tungsten's eitrernely high melting point. In
those areas away from the gap regron “where soIderlng |s to take place,

conventronal electroless nrckel pIatrng can be performed [33] Thrrd the gap-
| frllrng materral that is the drelectrrc switching materral was swrtched from an
organic polymer to an |norgan|c glass in order to substantral|y reduce if not fully .
eIiminate the su'sceptibility to thermal decomposition of the switching/breakdown ;
lphase durrng its electrrcally cIosed/current draining period. As:compared to an
ESD event a Ilne transrent or hghtnrng strrke will provrde substantlally greater

current density through the drelectrrc durlng breakdown

It 'should be noted that'-the' use of a ‘glass-based filler phase separately’
supported the choice of Al,O, o\rerfg!ass tape as the substrate material because
it will'be expected to under‘go more controlled interfacial solubility reactions with

the glass in'k during its furnace fire-on step [34]. -
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Section 3

ExperimentaI»Approach

AlLO, substrates were procured from CeramTec (North Mansfield, MA). These

substrates were then thick film metallized using

e copper-based thick film ink, and

. tungsten-based thick film ink.

These substrates were then fired under appropriate conditions for each
metallization. The final metallized substrates were then subjected to laser

micromachining in order to generate nominal gap widths of 10 and 25 pum

through the trace. The laser processing conditions for each metallization were as -

cited in Table Ii.

Figure 15 shows a schematic that was generated for the screen printing of Cu
and, separately, W metallizationé ont§'96°/o wt. Al,O; substrates. The array
pattern was set to allpw fér 1920 device sites on a 4.527" x 4.527" (11I5 mm X
115 mm) square substréte, 0.025” (0.635 mm) thick and 0.010-0.01'2” (0.254-
0.306 ‘mm) cutting kerf between each row and column. The screen printing and
firing of these metallization patterns was performed by Delta V Electronics

(Sunnyvale, CA).
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Table Il. Laser cutting conditions for the different metallizations used.

Metal Attempted Gap " Laser Processing Conditions
Width, um
w 10 3.4W, 5000 mm/min., 10 kHz
W 25 7.6W, 3000 mm/min., 10 kHz
Cu 10 7.6W, 5000 mm/min., 10 kHz
" Cu 25 10 W, 5000 mm/min., 10 kHz
Ag 10 0.9W, 5000 mm/min., 10 kHz
Ag 25 1.3W, 5000 mm/min., 10 kHz

Laser: Nd:YAG, A=1.06pum
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Fig. 15- Schematic of 1920 devices arrayed on a
ceramic substrate.




Substrates were fabncated usrng W and Cu thick fi Im metaliization In the"
case of w metallizatlon ~1 pm of eIectroIess nickel pIatlng was applied on top

| for purposes of eventual solderabrllty.

In addition to the copper and: tdngstenb rhetailized 'substrates, '1206-style
 devices wereaiso provided by Bdssrhann 6orp. (St. Louis, MO)l. These devices"
were already d‘icéd_ and were faiJriCated using 90 wt. % Ag-10 wt. % Pd thick film .
metaliizatioh on 96 wt. % Ale;._ Sdme of these devices had gaps sawed toa
- hominal width of 25 prh, while others had np:'.gaps so that laser gapcutting eould —

be performed on them.

As‘ it was believ'ed that only copper and tungsten would be candidates for a.
high power dewce omplet substrates were only prepared for the Cu and W

) :metaliizations Profi Iometry of 54 data pornts 27 on each of two different

substrates showed the average metaIlization thlckness of the copper and

tdngsten to- be approxrmately 18 59 pm (standard devration o=1.1 pm) and

13.07 me. (c=1.4 um), respect_rveiy._ The substantially greater thlckness of the

~ copper r_netaliizatioh is‘-believed‘to 'be'di,Je to the print thickness variability of thlis

particular ink.

A Nd:YAG laser was used to micro-machine gaps into the metaliization layers
using different.'gap widths. One substrate each_ of the copper’and tUanten-
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metallized substrates as well as 170 of the discrete (already diced) Ag-Pd
metallized devices (in a 10 x 17 array of pre-singulated parts) were then sent to
Exitech Ltd. (Oxford, UK) for laser gap cutting. Gaps were cut at approximately

10 and 25 pm nominal gap width.

There is a measured difference between attempted gap width and measured
gap width. Some of these devices were then tested for their ESD suppression

performance.

Gaps were tested under ESD conditions as both air géps and with an organic
| polymer filler. In addition, parts were also evaluated under lightning simulation
conditions with primary emphasis on the evaluation of copper and tungsten

metallization with an inorganic glass filler.




Section 4

Results and Discussion

As the presented microscopy indicates, gap widths do not fully conform to the
desired dimensions. Accordinvgly, thosg devices with gaps that were p}epared for
25 um width and those for 10 um width will be referred to as nominal 25 um and
nominél 10 um, respéctively, regardless of the actually observed (ana reported)

gap width.

Apparent oxidation at the cut surface gave rise to an attempt to clean these’
regions throughv plasma etching since oxidétion could lead to increased device
resistance and therefore higher clamp voltage's.1 Figurés 16 tb 18 are low
magnification photomicrdgraphs (30X) of an entire device top surface for silver,
: ’copper and tungsten-metallized 96 wt % Al,O,, respectively, with nominal 25 pm'
wide gaps laser machined into them foiléwed by plasma cleaning. The excess.
metallization on the ends of the. Ag-metallized piece is due to a post-firing step
performed by Bussmann in order to establish a wrap-around metallization on the
“edge of each device. This allows for “sﬁrface mounting” of these devices to a

printed circuit board in a “face-up” orientation.

! In the case of Ag, it is possible that the cofrosion would have been a sulfate since its oxide is not
very stable. - . R . R







The laser cut parts exhibited a discoloration at the cut lines. Figure 19 is a '

reflected light image (100X) of a nominal 10 pm cut on a copper metallization

part. .

For comparison purposes, some parts were then plasma cleaned @ 300 W,
500 microns preésure ina 10 vol._ % H, — 90 vol. % He mixture for 40 minutes.
This was followed by testing of these parts as air gap, spark arrestors.
Subsequent to these tests, other parts were plasma cleaned followed by filling of
the gaps With a straight unfilled polymer’resi.n which was then cured @ 100°C for
1 hr. These parts were, in turn, also tested as} surge sdppression devices.
Unfilled gaps from each of the three metallizations; -pre- and post plasma
cleéned were sent to Surface Science Lab (Mountain View, CA) for top and

cross-sectional inspection.

Figure 20 shows a nominal 25 um gap in copper that started with comparable

discoloration to that shown in Figure 18, after plasma cleaning.
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The difference in chemistry at the cut surfaces is more evident through SEM
x-ray microprobe analysis. Figure 21 is a higher magnification secondary
electron image (840X) of the cross-section of a copper-metallized device cut to a
nominal 25 um width. In this image one can see tapering of the cut from a width
of approximately 41.6 um down to 27.9 um at the ceramic/metal interface. Also
apparent is some undercutting into the substrate. The taper is approximately 40°
(included angle). The metallization thickness at the gap is approximately 25.6

um. Figure 22 is an x-ray dot map for copper.

Of greater npte is the presence of scattered lead in the metallization as seen
in Figure 23, located in those regions abpearing to be depleted of Cu in Figure
22. Lead is present because leaded silicate glasses are generally “fritted” with
metal powders in the formulation of metallization inks. This allows for the
formation of a liquid phase at or below the metallization temperature, which can
migrate to the ceramic/metal interface and establish a chemical transition zone.
In addition, this glass can react with the copper powder and partially co-sinter

with it.






Figure 24 is a high magnification micrograph (1,000X) of another copper

metallization cut to a nominal 25 um width. Here one sees a gross over-cutting of

the width to approximately 42 um. The width of the undercut into the ceramic
substrate at top is approximately 26-27 um and thus indicates that perhaps the
metal was removed adjacent to this cut (perhaps by fracture of the glassy phase

or polishing). The metallization thickness at the gap is approximately 18.1 um.

Figures 25 and 26 are the high magnification secondary electron image
(1,000X) and the corresponding copper dot map for a gap cut to a nominal 10
um gap width. Some under cutting into the substrate is apparent, as is the
voiding in the metallization at the interface and along the left side of the cut
region. This may have been induced by specimen polishing. Some dotting at the
bottom of the cut would suggest the presence of copper in the gap. Whether this
is due to redeposition or a sparse presence in a glassy phase, it is not a
continuous electrical shorting path across the gap. The separation of the
metallization at the interface is approximately 11.0 um. The metallization

thickness at the gap (immediate right) is approximately 23.5 pm.

Figure 27, as in Figure 22, shows dispersions of a lead-rich phase throughout

the metallization layer.
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e Additional Microscopy:

Other micrographs of interest include Figure 30, a high magnification image
(1,000X) of the nominal 25 um cut in the silver metallization. The cross-section
is tapered from 24 down to 18 um in width at the ceramic surface. In all cases of
micromachining of the silvér one sees minimal undercutting into the ceramic. The
metallization height at the gap is approximately 15.6 to 17.2 um. This is most
likely due to the lower power used to cut the silver combined with aluminum
oxide’s relatively high melting point. The apparent borosity is actually entrapped

glassy phase in the metallization layer.

Figure 31 is a high magnification image (1,000X) of a gap in the tungsten
metallization cut for a nominal 25 um width. The metallization thickness at the

gap is approximately 12.8 um.

The taper in this part is most severe, most likely owing to the high power of
cutting and the particular cutting behavior of tungsten. The gap width tapers from
~39.4 pm down to 22.2 um. This corresponds to an included angle of

approximately 70°.

Figures 32 and 33 are high magnification secondary electron and EDX

images (1,220X) for Ag cut to an attempted 10 um in width. In addition, minimal




undercutting into the substrate is seen. The metallization thickness at the gap is

approximétely 16.5 um.

Figures 34 and 35 are secondary electron and EDX images (850X5 for
tungste»n cut to a nominal 10 um gap width. The gap width at bottom is measured
to be approximately 13.6 um. In addition, as with the silver metallization, minimal
undercutting into the substrate is seen. The metallization thickness at the gap is
approximately 16.1 um. This c;ross section shows the gap tapering up from 14.8

um at the interface to 19.7 um at top.
A sur'hmary of gap dimensions in the show microscopy are shown in Table lll.

The data is based on a single part for each type selected as a representative

part after optical microscope inspection of a diced device array.
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Table Ill. Measured cut dimensions in the different metals.

metal | nominal | metallization min max

gap width thickness (um) (nm)
(pm) (rm) \

Ag 25 15.6-17.2 |18 24

Ag 10 “ 14.8 19.7

Cu 25 18.59 27.9 41.6

Cu 10 * 10.9 n.m.

Cu* 25 ! 20 30

W 25 13.07 22.2 394

w 10 “ 13.6 n. m.

{n. m.= not measured}
* separate laser processing discussed further on under lightning testing.

e ESD Test Data

10 samples each of the nominal 25 pum g‘aps in silver, copper and tungsten
were placed in a sample holder designed to apply an ESD pulse from the gap
side of the device (since the Cu and W metallized parts had no wrap-around
metallization) and subjected to 12kV ESD surges (peak power of 840W) per IEC N
1000-4 specification using an Oryx Teqhnolqu Model 700 ESD tester and a
Tektronics TDS 644A digital oscilloscope with a Tektronics CT-2 voltage .probe..
1004-2 describes a 1 ns. rise-tim'é.pqlse with 60 ns duration across a 330Q

resistor.

The sample holder (exploded and assembled views) is depicted in Figure 36.
The ESD test set-up is shown in Figure 37. Parts were tested for voltage peak,

clamp voltage, peak current and exhibition of any permanent electrical shorting -
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events. Each part was subjected to 50 ESD pulses and mean parametric values

calculated and tabulated.

Tables IV to VI show the summarized test results from the collected data.

Appendix A shows the complete data with Table IV-B corresponding to Table IV,
and so on. Because the key operational parameters are voltage peak (V,) and
clamp voltage-(Vc) the combined means of thése values are also presented.
Beneath the appropriate data coluhns for V, and V,, and their respective
standard deviations, are values for grouped avérages followed by averages
following the removal of all data points from those samples that exhibited at least
one electrical shorting occurrence. All V, values are presented with a 300V

baseline correction due to the impedance of the test system and device holder.

In addition, silver, copper and tungsten pértS'wHicH \h/\)ereiia.\sxe‘r cut to 10 um
nominal slot width were also tested for ESD‘resbonse at 12‘k'V.‘AII of the silver
: _parts demonstrated electrical shorting, even prior to ESD puﬁlsi'ng. Multiple ESD
pulses were not found to successfully “blow” thése gaps into an electrically open
state. One possibility, in looking again at Figure 34, is that the lower power of the
laser used to machine the silver eliminated a necessary overcutting in removing
the silver completely from the gap and at> the interface between the bottom of the
gap and the ceramic substrate. This may suggest a need for higher laser poWer
or a greater number of Iaéér pulses per location along the gap cut-line.
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The test data for the copper and tungsten parts are displayed in Tables Vi

and VI, again with corresponding detailed Tables shown in Appendix A.

In addition to the above-cited data, 39 of the 10 um gap tungsten pieces and
35 of the 10 pm gap copper pieces were 'plasma-cleaned and then filled with
unfilled polymer. Such a filler has been demonstrated as a successful medium
through which to exhibit dielectric breakdown in response to an ESD over-
voltage event. In order to successfu‘lly serve this purpose, this material must

have the following characteristics.

Be electrically insulating

e Have adequate carbon tracking resistance

o Be able to resist obliteration during the dielectric breakdown stage, and

e Fully recover its electrically insulating state after the over-voltage event is

completed and the associated over-current discharged to ground.

Tables IX and X contain the data associated with these tests (again with

corresponding detailed Tables shown in Appendix A).
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Table IV. Nominal 25 micron gap in silver thick film, air gap.

Vp mean, | Vc mean, | Vp sdev, | Vc sdev,
volts volts volts volts
187.98 17.018 | 12.4703 1.341

Sample size: 10, # of ESD pulses/sample: 50

Table V. Nominal 25 micron gap in copper thick film, air gap

Vp mean, | Vc mean, | Vp sdev, | Vc sdev,
volits volts volts volts
458.24 29.089 | 42.6488 1.553

Sample size: 10, # of ESD pulses/sample: 50

Table VI. Nominal 25 micron gap in tungsten thick film, air gap

Vp mean,|Vc mean, |Vp sdev, |Vc sdev,
volts volts volts volts
651.79 | 37.545 | 56.9757.| 2.55

Table VII. Nominal 10 micron gaj

Sample size: 10, # of ESD pulses/sample: 50

p in tungsteh thick film, air gap

Vp mean,|Vc mean,|Vp sdev, |Vc sdev,
volits volts .volts volts
580.7 33.076 | 37.5177 | 2122 .

Sample size: 10, # of ESD pulses/sample: 50

Table VIIl. Nominal 10 micron gap in copper thick film, air gap

Vp mean, | Vc mean, | Vp sdev, | Vc sdev,
volts volts volts volts
270.25 18.9612 20.0375| 1.9075

Sample size: 10, # of ESD pulses/sample 50

Table IX. Nominal 10 micron gap in tungsten thick film with UNFILLED POLYMER

Vp mean, | Vc mean, | Vp sdev, | Vc sdev,
volts volts volts volts
455939 | 29.7752 | 36.952 1.9878

Sample size: 39, # of ESD pulses/sample: 50

Table X. Nominal 10 micron gap in copper thick film with UNFILLED POLYMER

Vp mean, | Vc mean, | Vp sdev, | Vc sdev,
volts volts volts volts
330.85 28.599 | 23.1674 | 2.3687

Sample size: 35, # of ESD pulses/sample: 50




¢ Interpretation of ESD Data

It is difficult to draw strong conclusions from the comparison of metallizations

in ESD performance. First, the metallization heights, and therefore gap cross-

sections are not identical from metal to metal. Secondly, the different metals and

different gap width were cut under different conditions owing to different melting

points. This, coupled with different IR interactions, has led to non-identical, and

in some cases, distinctly different gap cross-sectional shapes. Table Xl is a

mixture of data from Table Ill and clamp and peak voltage values from Tables IV-

VIi.

TableXI. Cut dimensions and V, V_ values.

metal nominal metallization | min | max ave. V, V.
gap width thickness (um) | (um) (um)
(pm) (pm)
Ag 25 15.6-17.2 18 24 21 187.98 | 17.018
Cu 25 18.59 279 | 416 | 34.75 | 458.24 | 29.089
Cu 10 ¢ 10.9 | n. m. N/A 270.25 | 20.038
w 25 13.07 222 | 39.4 30.8 651.79 | 37.545
w 10 “ 13.6 | n. m. N/A 580.7 | 33.076

The following two primary observations can be made

1. Although exhibiting a slightly wider gap, the 25 micron Cu has starkly lower

Vp and Vc values than the 25 micron gap in W.




2. Although exhibiting a substantially 'narrower gap, the 10 micron Cu has a
starkly higher V, value and a slightly higher V, value than the 25 'micron gap

in silver.

The other gaps are not readily compared. The tape in the 10 micron W
(Figure 31) is too severe to compare this gap to other ones. The 10 microns gap
in Cu (Figure 25) is too irregljlar to compare. Finally, the 10 micron gaps in Ag

were electrically shorted out.

The two cited points do, however, indicate greater abilities for Ag to switch.
over Cu and Cu to switch in comparisoﬁ to W. This is possibly explained when
considering the voltage vs. time pbrtion of Figure 5. The voltage peak is merely
the highest voltage value across the surge s;Jppressor, provided that the device
switches on. The actual switcﬁing is a moré 'complex phenoménon than merely
reaching this voltage value. The current vs. time curve illustrates that sohe
current is in fact draining'through the de;/ice prior to reaching maximum voltage

across the suppressor.

It can therefore be conjecturéd that successful switching of the device is .
continéent upon the generation of sufficient current across the gap (in air or
through the dielectric filler) so tﬁ;at a Self—sustain aré_is established untii sﬁch time
as the entire over-voltageiga‘\/enﬂt":héys".be;a‘n grouﬁded.,AQcordingly, it can be
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argued that the lower room temperature electrical resistivities of Ag over Cu
(1.59 vs. 1.67 pQ-cm) and Cu or W (1.67 vs. 5.40 uQ-cm) allow for decreasing
capability of establiéhing this current density, in that respective order. In addition,
the lower melting point of Ag (961.9°C) may allow for its easy spark migration
across the gap, which may help instigate efﬂqient arcing of electrons. Further,
and as a result, a greater electrical resistance is encountered in the electrons

crossing the gap, which in turn increases the clamp voltage, as well.

e Lightning Pulse Evaluation and Testing

At this point, it was desired that a much higher power voltage transient be
applied across the gaps. Devices were subjected to lightning simulation pulses.
The test set-up is depicted in Figure 38. The test designation is IEC1004-5. This
specifies an 8 us risé-time pulse‘with a 20 ps duration. Testing was perform at
1100V peak and with 300W of péak pulse power. While some peak voltages are

found to be greater than 1100V, this is accounted for by circuit impedance.

In order to improve the cross-section of the 25 um Cu parts, more parts were
laser cut to a nominal 25 um gap width after adjusting the laser cutting
parameters to those shown in Table Xll. Microscopy shows a definite

improvement in device cross-section in the sectioned regions.

55






The issues arising from the substantial increase in applied energy and
corresponding peak power would be first order threats to the materials

survivability under voltage suppression. Principally, the concerns were:

1. likelihood of obliteration of the polymer gap fill, and
2. susceptibility of the gap metals to melt and/or vaporize under t\riggered

conditions.

In developing a workable device design, brief experiments were conducted in
order to illustrate these issues. Figure 39 is a low magnification photomicrograph -
(100X) of a polymer-filied 25 pm wide gap in copper. Through the polymer, one
. can observe the gap. To the left of the gap, the line of demarcation, delineéting
the edge of the polymer filler coating, is indicated with a black trace. Figure 40 is
a low magnification mic;rograph (100X) of the same sample after one IEC1004-5
pulse. Here, one can readily obserQe lthe’l>os's in transparency of the polymer
indicating its partial disintegration. Fi-gure 41, is a micrograph (100X) of the same
part after a second pulsé. Here, the gap and '_che.immediz.ately‘su'rrounding region

is exposed with the p'olymer in this yi‘c’:ini_ty dbliteréted.

As discussed earlier, thé use of an open‘ air gap, éspecially at these
dimensions, raises strong issues of devicefeliability because the gap is now
exposed to the elements (e. g., debris and moisture) thai ‘damage the gap
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integrity including possibly leading to metallic migration across the gap. In the

presence of moisture and a slight bias voltage, this is particularly the case with
silver contacts. However, for the purposes of illustrating the relative susceptibility

to melt-erosion, Figures 42-45 are for gaps with no polymer filler phése added.

In the case of an IEC1004-5 level pulse, the melting of contact metal
becomes all the more Iikely. Figure 42 is a silver based gap part afterloné'_
IEC1004-5 pulse. Here, -app‘r‘eciable melt erosidﬁ is apparent. Figure 43,
illustrates the same behavior in a '25 um wide‘gap Cu part after one pulse. Ih the
case of both the silver and copper metallizations, only a small undércutting into
the ceramic substrate remains at the near-gap dimensions. Figure 44 shows a
25 um gap in tungsten prior to pulsing. Figure 45, illustrates the superior
survivability of this tungsfen-based device aﬁer an IEC1004-5 pulse. Here, only
minor melting of. a thin nickel layer (conventionally' placed on;to tungsten for

solderability) is observed.
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Figure 46 is a plot of V-peak vs. Pulse # for the above data for Cu and for W.

Peak Voltage vs. Pulse #

1200 ————
1000 {2
800 =
V-peak, 600
volts e TN
400 +—— i e

200 |

»U:'“‘ BN »‘:“

Pulse# —

Fig. 46- V-peak vs. Pulse # for Table X data.



A nearly steady increase is seen in device degradation with Cu. W however,
appears to initially go through an “improvement” step. This may be indicative of
the spraying of controlled amounts of metal into the gap. Microscopy indicates

that this should not occur with Cu, because the Cu melts immediately.

Although this data is by no means comprehensive, coupled with the
associated microscopy, it gives a first order indication of the potential of contact

metals for a higher power device.

We proceeded to focus on copper and tungsten for the remainder of the
project. As the unfilled polymer was clearly inadequate for this type of device a
commercial inorganic glass paste wés chosen instead. This was a -325 mesh
powder-based thick fiim paste of a leaded silicate compositién 'with flow point of
520°C. Toward this end, ten pieces of each hetallization at each gap width were
hand painted over the gap region with the thick film .ink. Thesg parts were then
fired at 560°C for 15 minutes.

Figure 47 is a secondary electron image (500X) of an unfilled, 25 um gap in
Cu showiné.a steeper and smoother cut through the copper than originally
shown in the part depicted in Figure 24. Figure 48 is the same image at higher
magnification (1,000X). The gap tapers up from 20 to 30 um in width. This

corresponds to an included taper angle of ~28°.
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Figure 49 is a secondary electron i‘mage (100X) of a glass-filled 25 um Cu
‘part showing the mound of fired glass over and into the laser cut gap. Figure 50,
is the same image ét higher magﬁiﬁcatipn (1,000X) showing complete infiltration

and wetting. -

It‘w'as decided that 5 pulses were adequate to demonstrate the device
functionality and that devices failing to trigger on two successive pulses would be -
defined as “failed”. Further testing would expose the test circuitry to excessive, -

un-suppressed, transient events.

Table XIV shows the data collected from 25 um laser cut gaps in Cu and in W
with a silicate gla,ss filler. The term “no trigger” indicates that there was no

successful switching on of the device.
The failure of these devices to trigger indicated that the added

dielectfic/thermioh'ic emission barrier provided by the glass, made 25 um of

nominal gap width too wide to provide adequate voltage switching sensitivity.
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Table XIV. Data for nominal 25 micron_gaps in Cu and in W with glass filler.

25Cu#1 . |[notrigger
S " | no trigger
|25Cu#2 no trigger
’ : no trigger
25Cu #3- no trigger
no trigger

25Cu #4 no trigger
o no trigger
25W#1 |notrigger
' " _|no trigger

. Tables XV and XVi show the test data for 10_ um gaps in.Cu and W filled with ,
the -silicate glass composition. Data boints AB C and D are selected.and
referred to further on since they -'co‘rresp,o‘nd; to par‘_t‘icular)rl‘yt Hlustrative switching

events that are characteristic of
1. complete triggering,

~ 2. reluctant triggering,

3. minimal triggering, and

4. non-triggering

of such a device (independent of the metalliZation used), respectively.
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Table XV. Data for nominal 10 micron gap in Cu with glass filler.

Part Pulse # Vieaks Voiamps
volts volts
10Cu #1 1 1168 74.8
2 1220 63.2
3 1216 65.2
4 1216 65.6
no trigger
no trigger
ave 1205.00 67.20
st dev 24,74 5.17
10Cu #2 1 568 38.4
no trigger
no trigger
10Cu #3 1 174 43.4
2 796 41.2
3 1216 50.4] Data PointC |
no trigger
no trigger
ave 728.67 45.00
st dev 524.25 4.80
10Cu #4 1 508 66
2 756 54.4
3 1064 52.4
no trigger
no trigger
ave 776.00 57.60
st dev 278.54 7.34
10Cu #5 1 534 42.8
2 388 47.2
3 720 50
4 1108 43.2
.5 1212 448
ave 792.40 45.60
st dev 357.50 3.01
10Cu #6 1 674 41.8
no trigger
no trigger
10Cu #7 1 510 48
2 384 48.4
3 1148 54
no trigger
no trigger -
ave 680.67 50.13
st dev * 409.60|" 3.35
10Cu #8 1 1276 56.4
2| - - 1068 60.8
3 704 62.8
4 1072 60.8
5 1140 59.6
ave 1052.00 60.08
st dev 211.94 2.36
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.

~ Table XVI. Data for nominal 10 micron gap in W with glass filler.

Part Pulse # Vieaks Veamp:
volts volts
10W #1 1 746 63
' 2 716 60
3 664 59.2
4 - 924 58.4
5 956 56.8
ave 801.20 59.48
st. dev. 130.55 2.30
10W #2 1 396, 58.8
2 560 94.4
3 1252 60 ‘
no trigger Data PointD - |
no trigger
ave 736.00 71.07
st. dev. 454.33 20.22
10W #3 1 740 64.4 Data Point A
2 892 94.8
3 1256 83.2
4 1264 78 Data PointB |
5 1172 77.6
ave 1064.80 79.60
st dev. 236.16 10.97
10W #4 1 578 68.8
2 no trigger
3 no trigger
10W #5 1 no trigger
2 no trigger
3 no trigger
10W #6 1 760 64.4
2 1196 58.4
3 964 60.4
4 748 72.8
] 5 1288 58
ave 991.20 62.80
st. dev. ' 246.66 6.14}
10W #7 1 118 73.6
2 638 62.6
3 788 56
4 896 64
5 1004 59.6
ave 688.80 63.16
st. dev. 346.60| - 6.59
10W #8 1 274 63.6
2 ‘468 63
3 576 85.6
4 848 87.6
5 808 86
ave 594.80 77.16
st. dev. 239.22 12.68
10W #9 1 630 56.8
2 1156 83.2
3 1212 63.2
4 no trigger
5 no trigger
ave 999.33 67.73
st. dev. 321.08 13.77
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Waveforms were recorded for select pulse events in order to better illustrate
the switching or non-switching phenomena. First, Figure 51 shows a typical,
successful trigger of the device. This correspondsito the data point marked “A”

(Table XVI).
Figure 52 shows a pulse in which the device is becoming too resistive to
switching and is beginhing to lose the sharpness of its \/oltage peak. This

corresponds to data point “B” (Table XVI).

Figure 53 illustrates this to a greater pronouncement. [Data point “C” Table

XV.]

Finally, Figure 54 (data point “D” - Table XVI) illustrates a part, whose voltage

peak is too high to trigger under the prescribed test‘conditions._
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Here, there is no first order switching of the device and the voltage simply

collapses through the pulse module’s internal grounding.

Table XVII shows V-peak values for those Cu and W parts which survived 5
pulses. Out of 9 W parts tested, 5 survived 5 lightning pulses. Out of 8 Cu parts,

by comparison, only 2 survived.

A clear, net increase in peak voltage is seen. However, some random events

of device stability or even “improvement” are also indicated.
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Table XVII. V-peak values for Cu and W parts triggering up to (5) lightning pulses.

Pulse # | 10Cu-glass | 10Cu-glass | 10W-glass | 10W-glass | 10W-glass | 10W-glass | 10W-glass
#5 #8 #1 #3 #6 #7 #8 -
1 534 1276 746 740 760 118 274|
2 388 1068 716 892 1196 638 468
3 720 704 664 1256 964 788 576
4 1108 1072 924 1264 748 896 848
5 1212 1140 956 1172 1288 1004 808
Figure 55 is a plot of V-peak vs. Pulse # for this data.
Peak Voltage vs. Pulse #
1400 ———— : ‘ .
1200 T —e—10W-glass #1
~ 4000 : —8— 10W-glass #3
1% . \ 10W-glass #6
_:. 800 e - 10W-glass #7
§ ' 600 & —%— 10W-glass #8
> 400 & ‘= == 10Cu-glass #5
200 b —1OCu-£;J?ss #8‘
0 5
o 3 4 5,
’ Pulse #
Fig: 55- V-peak vs. Pulse # for Table XIV data.
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Section 5

Summary and Conclusions

Microgap surge suppressoré were fabricated in ‘Ag, Cu and W thick film
metalli‘zati'onsron AIZO-a. Most of these gaps were micromachined using Nd:YAG
lasers. These barts were tested as ESD sgppressors bqth with no gap filler and
with a select, organic polymer filler. Peék and clamp voltage vaI;Jés below 330V
and 20V, respectively, were found usiné nominal 10 pm wide gaps in Cu
- metallization énd an air gap. With unfilled polymer in the gép, these values
became ~330V and 29V, respectively. Separateiy, these parts were evaluated as

lightning arrestors with an inorganic glass filler. .

While gap widths were attempteq at 10 and 25 prﬁ, there Were variations in
final gap cross-sec;tibn,- namely width and taper éngle.' The general data,
' however, indicates that Ag ';Srovid‘es superior clamp and peak voltage Qalués for
ESD suppression when compared to Cu, even of narrower gap width. W cleérly
apbears to geﬁerate higher peak-voltage valqes, perhaps owing to its higher
relative eleqtrical resistivity Iéading to greater high frequency, traﬁsient

impedance.
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W was, however, the most robust material for lightning suppression. This
result appears clearly due to its resistance to pulse-induced melting. Out of 9 W
parts tested, 5 survived 5 lightning pulses. Out of 8 Cu parts, by comparison,
only 2 survived. In addition, W appears to improve in performance on some
parts, during the initial few pulseé. Cu, by comparison rapidly increases in V-

peak value until failure occurs

In the case of either Cu or W, no device triggering occurred in parts having a
25 pm, nominal gap width. Triggering was found to occur at 25 um nominal gap

width if the gap was unfilled or filled with the selected polymer.

The tendency for a part to experience lightning pulse induced failure was
illustrated by V vs. time waveforms where spreading of the voltage peak can be

clearly seen.

The primary conclusions of this research are that in order to alter the
suppression device from operating in response to an ESD pulse to a
lightning pulse, higher melting point metallization was required as was a
dielectric filler which was inorganic as opposed to polymeric. W performed
particularly well as electrode metallization, exhibiting substantially greater

resistance to spark-induced erosion than either Ag or Cu.
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IV-B.
V-B.
VI-B.
VII-B.
VIII-B.
IX-B.
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CONTENTS - APPENDIX A

Nominal 25 micron gap in silver thick film, air gap

Nominal 25 micron gap in copper thick film, air gap

Nominal 25 micron gap in tungsten thick film, air gap
Nominal 10 micron gap in tungsten thick film, air gap.

Nominal 10 micron gap in copper thick film, air gap

Nominal 10 micron gap in tungsten thlck film with. UNFILLED |
POLYMER -

Nominal 10 micron gap in copper thick film W|th UNFILLED
POLYMER
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A1
A1
A2
A2
A3
A4

A5
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Table IV-B. Nominal 25 micron gap in silver thick film, air gap.

Test Ref | Date Vp Ve KQ Vp Ve KQ Total
~|mean,| mean, | mean | sdev, | sdev, | sdev Pulses | Shorts
volts | volts volts | volts )
silg-1 1/19/98 | 194.4 | 16.02 | 9665 | 35.7 | 0.88 | 1340 50 1
silg-2 1/19/98 | 200.3 | 17.27 | 9855 | 36.7 | 2.08 0 50 0
silg-3 1/19/98 | 186.2 | .16.98 | 9839 | 339 | 1.49 4 50" 0
silg-4 1/19/98 | 180.7 | 14.94 | 9855 | 38.1 0.84 6 50 0
silg-5 1/19/98 | 204.6 { 18.77 | 9683 | 31.1 202 | 1184 50 1
silg-6 1/19/98 | 187.7 | 17.74 | 9854 | 29.3 | 1.05 0 . 50 0
silg-7 1/19/98| 194.4 | 16.82 | 9708 36 122 | 613 50 1
silg-8 1/19/98 | 188.6 | 185 9844 | 296 1.91 11 50 0
silg-9 1/19/98| 169 | 1573 | 9855 | 29.3 | 0.98 6 50 0
silg-10 1/19/98 | 203.4 | 17.97 | 9807 | 29.7 1.04 113 50 0
Average 190.93 | 47.074 | - 12.8109| 1.351
" |[Average 187.98 | 17.018 12.4703| 1.341
|after filter
Table V-B. Nominal 25 micron gap in copper thick film, air gap
Test Ref | Date | Vp Ve T KQ Vp Vc KQ Total
' mean,|{ mean, | mean | sdev, | sdev, | sdev |Pulses| Shorts
volts | volts volts | volts
cug-1 1/19/98 | 424.5 | 31.08 | 9858 | 52 1.34 0 50 - 0
cug-2 1/19/98 | 426.6 | 27.67 | 9858 | 58.4 | 1.66 0 50 0
cug-3 1/19/98 | 462.1 | 28.29 | 9838 | 1036 [ 1.26 15 50 0
cug-4 1/19/98 | 592.2 | 29.62 | 9858 | 115.1 | 1.88 1 50 0
cug-5 1/19/98 | 418.6 | 29.6 9851 61.6 1.41 3 50 0
cug-6 1/19/98 | 440.2 | 30.53 | 9859 | 62.4 1.4 0 50 0
cug-7 1/19/98 | 463.4 | 29.76 | 9856 | 54.6 1.31 6 50 0
cug-8 1/19/98 | 4656.8 | 27.73 | 9858 | 50.3 | 1.82 0 50 0
cug-9 1/19/98 | 465.2 | 28.54 { 9859 | 86.3 | 1.64 2 50 0
cug-10 1/19/98 | 423.8 | 28.07 | 9842 | 614 | 1.81 9 50 0
Average 458.24 | 29.089 42.6488] 1.553
Average 458.24 | 29.089 |’ 42.6488| 1.553
after filter

A1
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Table VI-B. Nominal 25 micron gap in tungsten thick film, air gap

Test Ref | Date Vp Ve KQ Vp Ve KQ Total
mean,| mean, | mean | sdev, | sdev, | sdev |Pulses| Shorts
volts | volts volts | volts

25wg-1 1/20/98 | 439.8 | 28.6 9846 55.6 2.83 18 50 0
25wg-2 | 1/20/98 | 4925 | 27.71 9849 71.9 212 15 50 0
25wg-3 1/20/08 | 1076 | 58.42 | 9858 128 3.81 0 50 0
25wg-4 1/20/98 { 503.4 | 33.7 9851 59.6 2.08 7 50 0
25wg-5 1/20/98 | 492.2 | 34.24 | 9854 62.9 4.13 0 50 0
25wg-6 1/20/98 | 495.8 | 28.56 | 9848 43 1.2 4 50 0
25wg-7 1/20/98 ( 517.8 | 32.81 | 9852 60.5 4.2 2 50 0
25wg-8 1/20/98 | 474.8 | 3412 | 9849 51.5 1.64 1 50 0
25wg-8 1/20/98 | 519.8 | 32.1 9838 547 1.9 7 50 0
25wg-9 1/20/98 | 1399 | 59.46 | 9857 226 3.03 4 50 0
25wg-10 1/20/98 | 546.6 | 34.33 9851 73.9 1.39 0 50 0
Average 651.79 | 37.545 56.9757| 2.55
Average 651.79 | 37.545 56.9757| 2.55
after filter

Table VII-B. Nominal 10 micron gap in tungsten thick film, air gap

TestRef | Date Vp Ve KQ Vp Ve KQ [Pulses| Total
mean, | mean, | mean | sdev, | sdev, | sdev Shorts
volts | volts volts | volts
10wg-1 1/20/98 | 131.3 19.33 5405 [12.7306( 1.77 4162 50 26
10wg-2 1/20/98 | 316.7 21.25 9855 (30.2018( 1.7 2 50 0]
10wg-3 1/20/98 823 4538 0858 |[46.8740( 2.84 5 50 0
10wg-4 1/20/98 | 366.2 24.69 9855 |[27.4320 1.4 0 50 0
10wg-5 1/20/98 | 179.6 19.36 9648 [21.3064( 1.55 1007 50 2
10wg-6 1/20/98 | 153 4 19.83 8293 [18.2169( 1.37 3092 50 10
10wg-7 1/20/98 | 37.5 -1.412 0.123 9.0019| 1.335 0 17 18
10wg-8 1/20/98 14 -2.033 0.123 |10.1738| 0.446 0 6 7
10wg-9 1/20/98 991 45.5 9857 |24.5023| 264 3 50 0
10wg-10 1/20/98 | 406.6 28.56 9852 |22.5315| 2.03 6 50 0
Average 341.93 | 22.0455 222971 1.7081
Average 580.7 | 33.076 37.5177| 2122
after filter

A2
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Table VIli-B. Nominal 10 micron gap in copper thick film, air gap

A3

Test Ref Date Vp Ve KO Vp Ve |KQ sdev|Pulses| Total
mean, | mean, | mean | sdev, | sdev, | Shorts
volts | volts | volts | volts

10cug-1 1/20/98| 26.4 417 1 0.122 6.4675( 0.2 0 20 20

10cug-2 1/20/98| 197.3 15.06 | 9857 19.9983( 0.77 5 20 o
10cug-3 1/20/98 | 293.2 19.42 9859 20.3387| 2.65 0 20 0

10cug-4 1/20/98 | 262.9 22.32 |. 9860 16.7220 3.45 1 20 0

10cug-5 1/20/98 342 25.32 9859 2276411 19 0 20 0

10cug-6 1/20/98| 333.6 22.64 1 9859 23.1896| 2.15 5 . 20 0

10cug-7 1/20/98| 291.4 17.84 9856 17.3603| 1.16 2 50 0

A 10cug-8 1/20/98 | 33.5 -3.624 0.122 6.4675] 0.162 0 - 50 50

10cug-9 1/20/98 | 287.6 18.12 9858 16.4667( 0.94 7 50 0

10cug-10 | 1/20/98 154 19.58 9859 14,8498 2.24 2 50 0

Average 22219 | 15.2506 16.4625| 1.5622

Average 270.25 | 18.9612 20.0375| 1.9075
after filter
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Table IX-B. Nominal 10 micron gap in tungsten thick film with UNFILLED

POLYMER
Test Ref | Date Vp |. Vc KQ Vp Ve KQ [|Pulses| Total
mean, | mean, | mean | sdev, | sdev, | sdev Shorts |
volts | volts volts | volts

wire-19 1/19/98 57| -5.24 0.123 9.2185( 0.497 0 20 20
10w-1 1/19/98 230.2| 18.76 9755 |[29.2004( 1.08 589 50 1
10w-2 1/19/98 929| 43.49 9864 |28.3249| 2.45 0 50 0
10w-3 1/19/98 227.1| 19.04 9863 | 26.6769 1.2 0 50 0
10w-4 1/19/98 238.8| 18.75 9860 |21.3210( 1.63 5 50 0
10w-5 1/19/98 T 23| -3.272 0.123 7.1585| 0.57 0 50 50
10w-6 1/19/98 287.2] 17.85 9861 18.2310( 0.66 0 50 0
10w-7 1/19/98 210.7| 19.35 9862 |[25.3895( 1.16 3 50 0
10w-8 1/19/98 249.8] 19.06 9862 |25.5440( 1.65 1 50 0
10w-9 1/19/98 626.6| 41.36 9863 |78.1768( 3.33 3 50 0
10w-10 1/19/98 966| 45.62 9863 |64.3749( 2.23 6 50 0
10w-11 1/19/98 249.3| 19.53 9862 17.5100| 1.74 4 50 0
10w-12 1/19/98 563.8| 40.53 9862 |86.4168( 3.06 0 50 0
10w-13 1/19/98 230.2| 18.44 9862 |28.6854| 1.21 5 50 0
10w-14 1/19/98 241.2| 19.57 9861 25.9044| 1.08 0 50 0
10w-15 1/19/98 215.2| 18.57 9649 | 25.7500( 1.72 531 50 1
10w-16 1/19/98 13.5| -2.988 0.123 8.9610} 0.529 0 50 50
10w-17 1/19/98 16.6( -2.984 0.123 | 10.0425| 0.554 0 50 50
10w-18 1/19/98 1014| 46.62 9862 68.494| 245 4 50 0
10w-19 1/19/98 233| 12.68 9862 23.226] 1.29 0 50 0
10w-20 1/19/98 313.2| 17.87 9861 19.158| 0.69 0 50 0
10w-21 1/19/98 | - 247.4 20.98 | 9855 24.308| 2.97 25 50 0
10w-22 1/19/98 198.1 20.88 9295 18.385| 4.24 1717 . 50 5
10w-23 1/19/98 198 21.53 8449 19.518| 3.83 2800 50 10
10w-24 1/19/98 265.6] 20.46 9754 23.844) 1.71 489 50 1
10w-25 1/19/98 593.7| 48.46 9862 39.242| 1.71 4 . 50 0
10w-26 1/19/98 148.2| 25.18 6990 19.518} 4.29 3463 50 23
10w-27 1/19/98 577.4| 46.82 9862 53.044| 3.12 2 50 0
10w-28 1/19/98 341.4] 2361 . 9860 19.930| 1.17 5 50 0
10w-29 1/19/98 292.4| 2044 9861 22.660( 1.67 3 50 0
10w-30 1/19/98 18.1f -2.808 0.123 10.248| 0.444 0 50 50
10w-31 1/19/98 22.4] -2.016 0.123 8.961| 0.534 | 0.0001 50 50
10w-32 1/19/98 290.2| 24.01 8874 23.896| 2.68 2551 50 8
10w-33 1/19/98 224.8) 23.05 8063 28.015] 4.54 2777 50 17
10w-34 1/19/98 709| 49.23 9862 49.954| 5.58 5 23 0
10w-35 1/19/98 378.4 26.72 9862 17.922( 1.11 2 50 [0}
10w-36 1/19/98 192.9(. 22.13 8624 25.338 2 2942 50 7
10w-37 1/19/98 15.6( -2.828 0.123 14.883| 0.592 | 0.0001 50 50
10w-38 1/19/98 198.2( 22.18 9167 20.600| 4.13 1864 50 5
10w-39 1/19/98 767| 48.81 9861 65.404| 2.56 6 50 0

Average 318.555 | 21.9861 28.836 | 1.9915
Average 455,939 | 20.7752 36.952 | 1.9878
after filter
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Table X-B. Nominal 10 micron gap in copper thick film with UNFILLED

POLYMER
Test Ref | Date Vp Ve KQ Vp Ve KQ [Pulses| Total
mean, | mean, | mean | sdev, | sdev, sdev Shorts
volts | volts volts | volts

10c-1 1/19/98 294,21 2243 9861 ]21.1314( 1.15 18 50 0
10c-2 1/19/98 411]| 40.43 9862 |39.6470] 4.08 0 50 0
10c-3 1/19/98 324.6( 28.86 9862 |20.4646| 1.65 0 50 0
10c-4 1/19/98 244 5| 25.38 9862 |24.6191] 6.32 4 50 0
10c- 5 1/19/98 298.7( 27.98 9862 |23.6958( 1.19 0 50 0
10c-6 1/19/98 214.5| 26.35 9861 |23.5420| 4.89 0 50 0
10c-7 1/19/98 301.5{ 20.48 9861 |23.9010] 0.77 0 50 0
10c-8 1/19/98 286.7| 20.7 9861 |20.3620( 1.11 1 50 0
10¢-9 1/19/98 343.5( 25.92 9861 |23.4907( 1.35 0 50 0
10¢c-10 1/19/98 296.2] 21.95 9861 |21.6955| 1.32 3 50 0
10¢-11 1/19/98 306.1| 24.86 9861 |22.1059] 1.28 0 50 0
10c-12 1/19/98 328.9( 24.88 9861 |19.1823( 1.31 0 50 0
10c-13 1/19/98 2771] 24.2 9859 |21.9520| 2.14 23 50 0
10c-14 1/19/98 153| 25.28 9862 |20.2594) 3.13 4 50 0
10c-15 1/19/98 299.4| 21.72 9861 |[24.4139( 0.71 5 50 0
10c-16 1/19/98 297.3| 24.96 9862 |21.2339| 2.26 26 50 0
10c-17 1/19/98 271.8| 22.02 9862 |21.2339| 1.23 4 50 0
10c-18 1/19/98 1188 96.83 9860 |28.7222( 3.76 0 50 0
10c-19 1/19/98 281 27.31 9860 |21.2339| 5.42 0 50 0
10¢-20 1/19/98 311.7] 22.62 9860 |22.4649 1 0 50 0
10¢-21 1/19/98 432.6| 35.64 9860 | 21.7468| 3.01 0 50 0
10¢-22 1/19/98 4458| 35.45 9860 |15.8998( 1.93 0 50 0
10c-23 1/19/98 504.4] 48.57 9861 |35.9028{ 1.89 8 50 0
10c-24 1/19/98 296.3| 25.53 9860 |23.4907] 1.94 21 50 0
10c-25 1/19/98 231.4| 24.51 9860 |25.8500( 245 0 50 0
10c-26 1/19/98 303.2| 25.13 9864 |22.6188; 2.41 26 50 0
10c-27 1/19/98 329.3( 28.91 9860 |23.4907! 1.48 1 50 0
10c-28 1/19/98 304.6( 24.8 9860 |20.9262| 1.83 3 50 0
10¢-29 1/19/98 296.6] 25.18 9860 |22.5162| 5.52 0 50 0
10c-30 1/19/98 326.4( 22.26 9860 |257987] 1.02 0 50 0
10c-31 1/19/98 290.6| 24.04 9860 |20.3620| 2.73 0 50 0
10¢-32 1/19/98 146| 24.35 9861 |18.7207| 4.09 6 50 0
10c-33 1/19/98 281.2| 24.26 9860 |21.8494| 1.8 4 50 0
10¢-34 1/19/98 127.5| 23.8 9663 |15.1304] 3.9 1394 50 1
10c-35 1/19/98 7.8 -3.106 | 0.122 [ 10.2579( 0.525 | 0.0001 17 17

Average 315.88 | 27.401 ' 22.7430| 2.3496
Average 330.85 | 28.599 23.1674( 2.3687
after filter
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