A METHOD FOR CHARACTERIZATION OF SINGLEEVENT LATCHUP IN CMOS
TECHNOLOGIES AS A FUNCTION

OF GEOMETRIC VARIATION

By
Matthew Joplin

T. Daniel Loveless

UC FoundatiorAssistantProfessor of Electrical Engineering
(Chair)

Abdul R. Ofoli

UC Foundation Associaterofessor of Electrical Engineering
(Committee Member)



A METHOD FOR CHARACTERIZATION OF SINGLEEVENT LATCHUP
IN CMOS TECHNOLOGIES AS A FUNCTION

OF GEOMETRIC \ARIATION

By

Matthew Joplin

A Thesis Submitted to the Faculty of the University of
Tennessee at Chattanooga in Partial
Fulfillment of the Requirements of the Degree

of Master of Engineering

The University of Tennessee at Chattanooga
Chattanoogalennessee

August 2018



ABSTRACT

Complementary metalxidesemiconductor (CMOS) technology is the dominant
integrated circuit (IC) technology in modern electronics systems. As CMOS comprises of p
channel andfthannel transistors, there are paragtNPNpaths that act as cressupled bipolar
transistors capable of creating lompedance paths between the power supply rails known as the
Al atchupod state. Latchup is destructive and
can be stimuled by ionizing radiation such as a highergy proton or heavgns from deep
space, resulting in a significant vulnerability in CMOS space systems. The sensitivity of an IC to
singleevent latchup (SEL) depends on various process parameters as weligasgg®metry.

This work presents a method for the characterization of the geometric effects of CMOS layout on
SEL. The dominant geometric contributors to the overall SEL sensitivity include: (1) substrate
contactto-source spacing (PWNS), (2) well contagtsource spacing (NWPS), and (3) soudrce

to-source spacing (SS).
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CHAPTER |

INTRODUCTION

The UnitedNations Office for Outer Space Affailf/NOOSA) maintains the Index of
Objects Launched into Outer Spaasdit lists approximatelyt,800humanmadesatellites in orbit
around E&rth with more than 8,10tal satellitedaunched sinc&putnik 1 in1957[1]. They
transmit and receive telecommunicatidalevision, and GPS signals to provide commercial
services and collected data from scientific missions carried out by many international space

programs. Satellites have enabled modern discoveries and technologies.

However, the space environment & asempty as it appears to begiationfrom the sun
and galactic cosmic rays (GCRs) make up a highly dynamic radiation environment. Charged
particles and electromagnetic rays ogespectrum oénergy and mass are plentiful enoulgat
they interact with dallite electronics and have observable effects (known as single event effects
or SEES) orelectricalsystem operation. Among the most destrucBttsis single event latchup

(SEL) or particleinduced latchup.

The latchup phenomenartcurs inComplimentary MetaDxide-Silicon (CMOS) whena
low-impedance stable staterms between the power rail§he phenomenorns enabledby the
interplay ofparasitic bipolar junction transistof8JTs)formed by the CMOS well structusad
caused by minorityl@arge carriers injected into the body terminals of the parasitic. B&F®us
parameterampact the behavior ofatchup including environmengperating voltagesilicon

doping profile, and geometric layaut



The pupose of this work is to generateeaningful feedback to CMOS integrated circuit
designers who have control over the geometry of the electronic devices such that they may make
informed design decisions to predict and mitigate single event latchugimd#signsbefore

manufacturing

This wak quantifies the effect of changimgarameterghat are under the control of a
CMOS circuit designesuch as pysical layout dimensions likeell contactto-source spacing and
PMOS to NMOS source spacing. Moreover, this wooknpareshanging physicatlimensions
directly to standard latchdipardening technique$hegeneratrends ofgeometry upon latchup
well-documentedn theliterature butit isimportant to realize that latchup behavior is unique for
each CMOS process and thereftire effecimust beuniquelycharacterizedor each process. This
work provides such a methddr geometric characterization &EL with geometricallyvaried
devices an outline ofradiation test consideratioresn experimental test desiga,definition of a
latchup behavioral model dependenthosasured device parametemsdtheanalytical simulation

resultsand parameters



CHAPTER I

BACKGROUND

Space Environment

The space environment consists of charged particles that have a wide range of mass,
energy, and velocityThe ionizing particles interact with the environment around thentfand
materials they pass through via Rutherford scatteringlf&. Sun is a significant contributor to
the dynamic radiation environmeegpecially in the case obronal mass ejections (CME), which
mainly consist of higkenergy electrons and protons, eager to interact with the first reactive
materials they encounter. On Earth, CMEs can even cause power outages, communications
blackouts, and send the aurora stretghowardtheequatasi t di d during t he fACs
in 1859. Fortunately, there was not much power and communications infrastructure back then.
Figure 1 [3] shows an illustration of tldynamic radiation environmearound Earth causday

theSunand the Earthdéds magnetic field.



Figurel

Nearearth space radiatiomeronment after K. Endo [3]

Themagnetic field shields the Earth frarost high energy patrticles, but some can still ge
through to low altitude. Charged particles can get trapped within the magnetic field livaseaad
the magnetic field lines converge ke South Atlantic Anomalgisplayedin Figure 2 [4].The

South Atlantic Anomaly is a spot tfelow-strengthmagnéic field shown in blue
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South Atlantic Anomaly in blueafter ESA [4]

There is an appreciable drop in the magnetic field intensity of Earth over Smahcadue to
the inclination of the magnetic poleshich allows high-energyparticles to penetrate to lower

altitudes and consequently interact with satellite electronics in lower orbits.

There is still more to the space radiation environment outside of the magnetosphere. For
example, Galactic Cosmic Rays (GCR®sgde up of the highest energy ions from deep space,
originate outside of the solar system. These particles can cause the rmrostidesffects such
as SElLdue to their greater atomic mass and energy. However, becauseigfiegtefrom such a
long distance away, they are relatively uncommon when compared to solar radiation as shown by

the chart in Figure 3 [2].
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Relative abundance and flux density of particles vs. atomic Z nyjper

Figure 3shows that the relative abundancéevyions with Z >2is between 100 and 2000 times
less abundant than solar protons. Thessvyions are the main contributor to single event latchup

(SEL) events in satellite electronics.



Electronic CMOS

Complimentay MetalOxide-Silicon (CMOS) processes are used to make digital
electronic devices. In the context of electronics, bulk planar CMOS is especially susceptible to
radiation.This susceptibilityis due to the inherent metasilgy of CMOS. The crux oCMOS s
its switching between two possible output staldee deliberate placement oftype diffusions
placed in a gype substrate (or-fype diffusions placed in antype substrate) to form CMOS

devices as shown in Figureagécomplishthis metastale behavio.

There are neutrally charged depletion regions betwed¢ypen and gtype charge
concentratios. The size of the depletion regiondepend upon the diffusion of minority charge
carriers and doping around theangunctions. The depletion regi®separatpositive and negative

charge bubbles maintained by buitvoltages at equilibrium. Radiation, however, can upset this

equilibrium.
NMOS A Q PMOS
Vss 1 Vdd
g \Vdd
| e | o | e |
N+ - .

P-Substrate

\/ss

Figure4

Diffusion crosssection of CMOS inverter weltrsictureand inverter circuit diagram



Because CMOS takes advantageamhpkementaryPMOS and NMOS devices, there are
intrinsic parasitic bipolar junction transistors (BJTs) within the \sebstrate structure. Most of
the time, these BJTs do not conduct, because there is not sufficiget-bise voltage ttorward
biasthe devices in the first place. Nominally, the CMOS device channels bypassTiharii

there isno interference with operation.
Single Event Effects

Whena single ionizing particlenteracts with semiconductors in electias) this is called
a Single Event (SE). For ea8E, there isenergyimparted to the devicerystallattice due to
Rutherford Scattering and this energy is defined as Linear Energy Transfer (LET)is
measured in MeV crhmg? and is the energy lost lige particle as itravels through the lattice;
it is a linear function ofhe particlepath lengthtraveledthrough the devicerherule of thumb is
1pC per micrometeraveledthrough the substraie equivaént toa LET of 100 MeV cn¥ mg?
(in silicon). Figure 5 showshte process oflepositedenergy excitingelectrons to the conduction
band consequentlynducinga low-impedance path by generating excess elediaapairs. A
transient currenis observedas the electrons and holes are jsnaut by theapplied electric field

andare collectedt thedrains of the NM@ and PMOS devicel]
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Single event transient time diagram and the resulting single eaestdntcurrent after
Massengill[2]

SEEsare diversgandrangefrom comrectablebit flips in combinational logic to destructive
current spikes that can take down entire subsystems. Theelfigtetis known as a single event

latchup (SEL)andit is the central focus of this work.

Single Event Latchup

SEE phenomenanclude Single Event Latchup (SEL), which is a subset of the-well
documented latchuphenomenon in CMOStructuresSEL is causedby high-LET particles that
forward-bias one of the parasitic BJTs. These particles can include protons as documented by ESA
in 1992 if the CMOS device is particularly sensitive to SEL such as an SRAM, but are usually

stimulated byheavyions from the deep space GGRectruni5].

Latchup is the creation of a leimpedance path between the power rails and is a persistent

effect that requires a power cycle to extinguish. The intriB8l®N pathwithin the CMOS well



structureproduce a pair of crossouwled parasitic lpolar deviceshown as Q1 and Q2 in Figure

6.

Vss l I Vdd

P-Substrate W
R5uh

Figure6

Intrinsic parasitic BJTs within CMOS wellracture

The parasitic bipolar deviceare usuallyoff and do not affect nominal epation of the
CMOS circuit. However, whethe parasitic deviceare activated, the crossupled deviceform
a positive feedback log@s shown in Figure,That drives the parasitic bipolar devices into the
saturatbn region of operation, consequently producangurrent spike and drop in openat
voltage. The feedback will sustain the latchup until the voltage suppigducedbelow the

minimum holding voltag€V Hoid) threshold ad the latchup is extinguish¢@l.

10



+fb "
loop

3

_;fVDD D I

B n B )% l f{)

4

Figure7

lllustration of parasitic bipolgpositive feedback loop

The latchup structure is made up of Bi¢PNpath formed by the nested well and diffusions
within the substrate. The two weak BJTs formed by this path share body/collector junctions.
Therefore, current that flows out from the cott# junction of one BJT will feed into the body of
the other. The trigger stage in which the device affected by the SEL or injected current is in the
linear forward activenodeand serves to drive the other device into saturation, which in turn drives

theorigin device into saturation and the persistent latchup state.
The latchup criteria are as folloy8], [7], [8], [9]:

1. The product of theommonremitter gaing $bn in Figure 7)of the combined BJT
structure must exceed unity to producestablepositive feedback

2. The triggered device must remain on long enough to drivecahgplemerdry
device into saturation

3. The power sourceustbe capable adupplyng the holding current at the minimum

sustaining haling voltage.

Criterion (2) corresponds teaching a minimum threshold point valueyigy lig) that

initiates the latchupThe commoremitter gain criteria male expresseth terms ofthe sum of

11



thecommonbase gains excegd unity. Expressing the criteriom asthe sum ofcommonbase
gains exceeding unity is used by Troutmaiplta the latchupsensitivityand SAFE spacef the

PNPN structurg[9]

The latchup structure can be represented as a circuit behavioralasadewn in Figure
8[8]. The model includethejunctionresistancethe substrateesistancethe well resistanceand
two crosscoupled BJTs. This model relies on measured resistartBJT characterizatiofalues
to accuratelyrepresentatchup behavior. However, even without ttgpecific resistances, the
behavioral model is useful in exploring tatect of the resistor values latchup behavigmwhich

is relatedo the spacing parameters under study in this work

12
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Latchup behavioral circuit adel after Artola[8]
Using the model in Figure 8 as a basis for simulating latchup beh#waritical SEL

parameter values forpdia and Vrrig arecalculated from the following equations after Art{

[10], [14]

& o)
V1iig =Vob - Venen@- — 8 (1)
¢ ht

- "V, (2)
Res+Rew +Rew



VTrig requires knowledge of the vertical parasitic BJT threshold voltaggsnv/well
emitter resistance, g, and the substrate trigger resistances. R'tiig represents the minimum
required voltage to forwarlias the vertical parasitic BJT nMq represents the level above which
sustans the latchup phenomenon. It depends\aing and a combination ahe resistors in the

model due to the feedback loop that sustains latchup behavior.

The resistorsn the circuit modehre sortednto threegroups: trigger resistan¢Bsw and
Rss), coupling resistancRcw and R:s), and emitter resistance giRand R:s). Trigger resistors
represent the substrate and well vaugs aeetn@ nce a
above a certain thresldap then there will not ba sufficientvoltage drop across the dter-body
junction to forwarebiasaffectedparasitic BJT. Coupling resistors set the strength of the coupling
between the devices, and define the maximum value of the latchup ctmgtier resistance

considers the type of contact (ohmic or resistive) that connects with the power rails.

The commoremitter gain(b) is a standard BJT parametercause it makes up one of the
three parameters for the Ebduisll BJT, and describethe ratio ofcollector current to body
current. In modern BJT devices, tloeward commoremitter current gairbr, can be on the order
of 10 or 1¢ when in linear mode of operatiohppropriate doping profiles anddreasingly small
base widthsproducethese gain valuesThe following equation gives the intrinsicalue of

commonemitter gainfo, ignoring dependence on temperature and mode of operation

T — 3)

In the context of latchup, the base/collector junctiointhe crosscoupledBJTs are the p

substrate andhe nwell, which aremore diffuse than a modern BJT, and consetiyethe

14



parasitic devices hawagnificantlysmaller commoremitter gairs. However, the work of Boselli

et al revealgthat latchup ipossible down to deep suhicron node$12]:

10 ! 40
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E a ! (“' i —_ p .p p 30 (=
L... 7 it ﬁ]
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0 0
180nm 130nm  S90nm 65nm
Technology
Figure9

The ommonemittergain product of prasitic BJTs fromi80 nmto 65nm after Boselli[12]

Figure9 also shows that thgarasitic BJTs do not have the significant gains seen in modern
commercial bipolar devices because the comparatively large well and substrate volume does not
act as an efficient base. The charge carriers are more likely to be lost to recombination and

exponentiallydissipate as they approach the diffusion length.

15



However, as shown by Boselli, the parasitic structures are still able to meet the latchup

criteria:

(A p 4)

The result in Figure 8ignals that latchup, and tredore the SELeffect will continue to be a

challenge as modern integrated circuits continue to mature into these technology process nodes.

The simplest way to realize this behavioral model of latchup is with the PNPN test structure
for latchupshown in Figure 1013]. The PNPN test structure is most like the CMOS inverter, but
with a combined source and drain and no gate oxides within the structure. It reproduces the
parasitic bipolar structures within CMQ@8cuitsand is meant to approximate the diffusioall-

substrate stictureusedin anapplication

16
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PNPN latchup test structure tojpwn kyout afterIEEE Electron Devices Socief¥3]

The PNPN structure is a fotermimal device and acts as a thyristor or silicon controlled
rectifier (SCR)[13]. The ptype substrate contains thetype well, the rype source (NS
cathode), and the-fype well contact (PW ground potential). The-type well contains the-fype
source PSi anode) and the-type well contact (NW VDD power source). The emitter terminals
of the parasitic BJTs are the anode and cathode. These are the primarily sensitive nodes of the

PNPN structure, ancurrent injectiorinto these nodesan induce elecial latchup



Mitigation Techniques and SAFE Space

Even though a device may be susceptiblatchup, there are many methods aafali¢ to
mitigate or fi hta thel enwantedt efffex{Thebestachniguesinclude spoiling
commonemitter gain with gold doping, neutron irradiation, dieledir@mchisolation around the
CMOS well, SOI technologytriple-well structures,and use of an epitaxial layen a low-
resistivitysubstrat¢14]. Another method is decoupling the deviceswithar uct ur e cal | ed

ringo ( GR)Fgaslllelbw wn i n

I;";.'3.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'3'33':“5;

Figurell

ExamplePNPN guard ring tojlown layout
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The GR actsosl dscaonprand serves to attract
near the anagland cathode of the latchspucture (PS and NS of Figure) Hhd shunt the current
transient to the appropriate power rdihe GRis a particularlyusefulhardening method if the

latchupsensitive devices are known.

However, it is possible to manipulate the gain of the PNPN structure further without the

need for proceskevel variations oto sacrificesilicon area.

19
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Commonbase gain resistan&AFE space after Troutman[9]

Troutman presented a latchup moitell987 that defined the comména s e gai n
spaced0 based on the vari at i pohereforépossiliesto chiemgee |
the effective gain of the parasitic structure using only its resistammeover,it is possible to
identify a threshold at which SEL becomes impossible altogetfileat Figure 2 shows isthe
required well resistance to control thbemmonbase gain sum for a given substrate resistance.
With a mapped space likhis, it is passible to add an external resistance network to ensure that

thesystem remains in the latchippmuneASAFE space[9]. The SAFE space is the area defined
20
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by the vertices the triangle defined in Figure TBe xaxis is the modifiedommonbasegain
value, U, for the lateral parasitic BJT and tigeaxisis the modifiedcommonbasegain value,

Uy, for the vertical parasitic BJT. They are both affected bytbkresistance valueswrand R.

In the case oFigure 12Rsis held constant at 1000, andthenumbered arrows represehé g
transfer behavior to the latchup stétee hypotenuse of the triangle defines the latchup borderline)

for variousvalues of R.

21



CHAPTER IlI

INFLUENCE OF GEOMETR ON SEL SENSITIVITY

Introduction

The susceptibility of electronics to radiation effecis difficult to quantify without
parameter characterizatioAn application may make it past many phases including design,
validation, fabrication, and reviews before exhibiting an unacceptable levesadibility to
destructive radiation effects during testingone of the last phases of qualification before
production The case afhe National Semiconductor DS90CO031 differential line dragestudied
by McMarrow at the Naval Research Laboratfd] is a good example of this difficultfyhe part
was thought to bespacequalified and its design was built into a new systdmt it exhibited

unexpecte@®EL during heavyion testingand a redesign was required to prevent latchup.

Susceptibilityto radiaton effectscan be mitigated or eliminated during the dasstage,
but only if the mitigatiortechniquesare understoodnd definedn the context of an application.
SEL is a destructive effect that can compromise entire systems, and therefore theweffdut m
guantified for each application in radiation testing such as proton irradiatiomesgion
irradiation. Unfortunately, applyingew technology in a radiation environment can lead to dubious
and undesirable results when put to the test as in\@b¢h is why it is so valuable to establish
an expected baseline response to radiation effects like SEL. To that end, this work defines a

methodology of characterizing SEL response as a function of geometric parameters under the
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control of CMOS designer® produce accurate estimates of SEL susceptibility and to inform

geometriadesign changegrior tofabrication andadiation testing

Characterizing geometric parametenti enableaccurate SE susceptibility estimations
given tha transistor widths andengths areknown. Furthermore, the SEL characterization
methodology defined in this work capply to other technologiesand it is applied here in
180nm CMOStechnology. This work studies the geometric parameters of devred spacing
parametersRWNS and NWPS) and the devitmedevice spacing parameter (SS). Figure 13 below
is an annotated version of the PNPN SEét t&ructure. e linear dimensns of the spacing
parametersXpwns Xnwes and Xss) will be varied to charactere the SEL sensitity of the test

structure.

NS/CATHODE
Xrwns

PW/GND -

Figurel3

Annotated diagram of the PNPN SEL tsstcture showingsrminal namegerminalvalues,
and linear dimensions
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Perhaps the most important of the annotations is the length, L, which coxtsdpahe
gate length othe technology nodie180 nmin this case. Width, W, of the PNPREL test structure
is twenty times the lengtlas defined by [13] to linearize the SEL response into alonensional
function of the geometric dimensionswis Xnwes and Xs The four terminalnames are as
follows: NW for the Nwell, PS for the Fsource, NS for the fdourceand PW for the Bubstrate.
Voltage values of the tminals that ardenotd after the forward slash define the required voltages
to test tle PNPN SEL test structur®DD is the supply power voltage rail, GND is the ground
supply power rail, and Anode and Cathodevaileage variablesised to excite the PNPN structure

into the latchup states described in Chapter IV and in JESD 78 [17]

Individual transistor device dimensig are not affected by SS, NWPS, and PVBE&use
affectthe wellsubstrate structure shapéeiefore,the CMOS device response to biasing will not
change, but the parasitic BJT parameters will be affected by variatienigedo-rail and device
to-deviee spacing because of the chamgeliffusion, well, and substratesistance This work
describes a strategy taccomplish a -Bample geometric parameterization using base2
logarithmic variation of the PNPN SEL testustture linear dimensions,mins, Xnwes, and Xss
Independently varying these three dimensions will empirically deéinérstorder linear

differential equation relatinthe changdan geometry tdhe change in SEL sensitivity parameters.

Geometry is a defite contributor to the SEL sensitivity of devices. The general trends are
known and evident in the laser testing by Artidh [10], [11] and Doddg6]. There is a sharp,
direct correlation between PWNS and NWPS spacing parameters and SEL latchupbslitycept
Conversely, there is a linear, inverse correlation between SS and SEL latchup susceptibility as
noted by Dodds [6] and Artola [11Using the experimental informatidrom laser testing [6],
baseline resistance values extracted from technologputewaided design (TCAD) models [10],
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and the quantified trends of dewterail and devicdo-device spacingl10], [16], the PNPN
circuit simulationmodel from Figure 8 can be tuned and validated to guide the design of the

geometric characterizatidast set.

Figure 14 shows a sensitivity map af SEL laser test structure from Dodds [6] used to
map the sensitivity of the devices to different levels of deposited energy. This device is similar in
well structure to the PNPN test structure, but it i<gpally designed for laser testing rather than
general latchup characterization. Nevertheless, it is useful in observing the trends of geometry on
the SEL sensitivity. The lowest energy level to induce SEL is in dark blue overlapping with the
sources othe device, whereas the intermediate energy is in teal, and the highest energy map is in

brown.
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Figurel4

Differential two-photon absorption sensitivity map of PNPN structure, after DiiE]ds

What the Figure 14 sensitivity pahows is a twalimensional dependence of SEL sensitivity to
geometry across different levels of deposited energy. The inferred visualisagionregulasort

of funnel, with thdowest point in the funnel, ergo its higgtsensitivity,lying at the enter of the
device. Note the area of greatest vulnerability is furthest from the two power rails at Y=0 and
Y=60. Moreover,the sensitivity moving across tixeaxisis nonlinear and most sensitive at the
location of the device diffusions in pink. Thesesetvations confirm the positive relationship of

PWNS and NWPS to SHEensitivityand the negative relationship of SS to SEL sensitivity. Using
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these observations as guidance todtbgignof the PNPN SEL test structures, theafiant test set

is defined n Geometric Effect Trends on Latchup Sensitivity section of this Chapter.
Description of Latchup Stages

To understand how changing geometry will affect the latchup behavior, it behooves this
work to describe, in detail, the mechanisms and stages of latcktepup is the creation of a lew
impedance path that forms between the power rails due to the pres¢éne®NPNpath within
thewell structure. Figure 15 illustrates the four stagidatchup. Firs{1/4 in Figure 15)the initial
transient curreninjects minority carrierinto the well or substrate juncti@and causes a potential
differenceacross th triggering resistanceRsw, as the current turns the transistor @hthis
potential difference is not sufficienthygh, then the affected BJT will not be driven out of its cut
off region) Second2/4 in Figure 15)if the potential drop across theggering resistangeRsw,
is significant enough to push the affected BD/Eica, iNto the linear zone of @pation then it will
be forwardbiased. Thena currenwill be induced fran its emitterto its collectorthrough Rsas
a function ofthe gain of the parasitic BJbp, and shunted by &2 into the body of the second
parasitic BJT, Therar Third (3/4 in Figure 15)the current into the collector causes a potential
differenceacross Bs andforward-biases the second parasitic BJateal, driving itinto the linear
region of operation. This forward biasing initiates feedbackcurrent through By and Rs.
Recall from Chapter Il Background th&the combined gains of the parasitic BJTs exceed unity,
the feedback is divergent and hdrive the complementary BJTiateray quickly from the linear
regionto the saturation region of operation. Foy#ht in Figure 15and finally, the regenerative
feedback forces the first transist®verica, INtO the saturation regioand the ente PNPN structure

into the final lowimpedance latchup state.
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Figurel5

Four stages of triggering latchup with currents in edtér Artola[11]

A high-current, lowvoltage state signals latchugue to the low omesistanceof the
parasitic BJT devices. It is impossible to recover from this stakeuti performing a power cycle
in order to drop the supply voltagpelow the holding voltagéhreshold Vhoid, that sustains the

state. This power cycle returtiee supply voltagéo its nominal value.
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Parasitic BJT and Resistor Model

Following thedescription of latchughe task remains to defitige resistor values, parasitic
bipolar gains, and current injection model to tune the latchup behavioral circuit shown in Figure 8
for LTSpice simulationThe PNPN circuit reproduces the parasitic BJTs resptenfor latchup
and gproximates a CMOS well structure. The structtegduces the number of possible latchup
paths and therefore reduces the analytic complekitgn though therare no CMOS devices
within the PNPN well structure, it is still a useful tool for approximating baseline SEL sensitivity
because the CMOS devices nominally bypass the well and substrate junctions that are responsible

for latchup.

Resistance values extradtesing TCAD by Youssef [1Gor 180 nnCMOS transistors are
defined in Figure 16. The trigger resistances@d Rw), the coupling resistance {Rand Rw),

and the emitter contact resistanced&nd R:w) correspond to the model in Figure 8.
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180 nm TCAD extracted resistance values for the PNPN circuit rraften Youssef10]

Figure 16 shows the resistance values on a logarithmic scale. At room temperatare] Rw
are approximately ¥, Rcsi s appr oxi geant Rdayr €5 OaYp,prRoxi maw el y 1
is approximately 2 ¥. These will represent the contsampleresistance values in the LTSpice

circuit model simulations detailed in the Latchup Simulations section of this chapter.

Recallfrom Chapter Il Background, Figure 9, the BJT comreamitter gain value, and
bn, provided by Boselli [12]ffhi s a p pr o x i meastagptoyimaiely h25)aThese dalues

are used to model the behavior of the BJTs in the circuit model LTSpicéasons. With the
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component values definedhe SEL latchup simulation requires a representative deuble

exponential model of the single event and resulting SET current pulse.

Figure 17 shows calculated (black) and measured (red) waveforms by Artola [8] and
defines rising time constant as 10ps and falling time constant as 100ps with a peak current of
7.5mA. The black waveform is calculated with the Advanced Dynamic Diffusion Collection
Transient (ADDICT) model which is physicalbhased and uses semicondugtioysics parameters
to calculate the SET waveform. See [8] for more details on ADDICT. Becaaasurenent
capacitance distorts thexperimental waveform in rethe LTSpice simulations detailed in the
Latchup Simulations section of this chapter will aglithe calculated ADDICT waveform. The
calculation and measurement of an SET waveform is for a transistb8thra@CMOS technology
and translates to a LET of 15 MeVémg?. The collected charge of 220 fC (the empty boxes and
circles) also gives a goodea of the size of the transistor because the collected charge depends on

the collection volume of the transistor.
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Calculated and measured SET waveform and collected charge of a 15 Meyér8E, after
Artola [8]

The resistance [10], BJT gain[12], and SET current pulse[8] parametéd&famCMOS
devices detailed in this section are literatsupported and reliable values for simulation of the
SEL radiation effect. With this information, the PNPN circuit mogglgsaretuned to simulate

latchup behavior i180 nmdevices.
Geometric Effect Trends on Latchup Sensitivity

The previous section defines the parameters required to simulate latchup. The task remains

to understand the effect gpacingparameter changes resistance values and furthermore on the
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SEL sensitivity. Thespacing parameters have different effects on the phenomenon of latchup
These effects are observed empirically in the work of Artola [11] where he evaluates two of the
three parametersoftner e st . Ar t ol &s ¢ edcnoh efsWe |hle niT aaps OiiAs t an

in Figure 18. These are analogous to SS spacing and PWNS spacing, respectively.

Figurel8

Sourceto-source spacin(left) and weltto-source spacinright) vs. trigger current (red) and
holding current (black)after Artola[11]

In Figure 18, the latchup parameters of interest are Iso and Ito which are analogegiand |

IHold, respectively. By observing the slope of the current as a fundtispaging, a spacintp-
resistance can be inferred from Ohmés Law. [ n
then resistance is increased by a factor of 2, therefore the resistance vs. spacing sensitivity trend

will the opposite of the curréns. spacing slopes tracedFigure 18.

The PWNS spacing and NWPS spacing represent the trigger resistance and work in direct
proportion to the SEL sensitivity of the PNPN structure. Conversely, the SS spacing affects the

coupling resistance. #AtheSS spacing increasesggerated charge must travel across a greater
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