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Introduction and Feview of Device Structures
Total Dose E ffects

Displacement Damage

Transient lonization E ficcts

Single-Eveni E flecis

Latchup from 1 ransient lonization andHeavy lons

Introduction lci the Commercial Device Problem

Introduction

This section of the short course disusse radiation effeets in semiconductor devices.
This 1s a broad topic, and 1t is not pos-ible oy cover all aspects in a course of this length.
The approach that will be used is to briefly seview basic mechanisms and device
responses, and to go into more detiil for new opics, o topics such as latchup that have
not been covered in as much detatl i previcus short courses. This assuines that most
course participants are genetally familae with radiation effects in devices.

The five topics to be covered in thorglpresentationare as follows:

Introduction
Total Dose Fflccts

Transient Jonization t 1 1. vis

V.atchup
Introduction to the Canuneraral Device Problem

A sixth topic, neutron dainage, is 1 ciudestin thenotes for completene ss, but was not
covered in the oral presentation b o ol Thne constraints,
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FEATURE SIZE TRENDS IN MICROELECTRONICS
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‘The radiation response of integrate i cicnit technologics has been heavily influenced
by changes in technology, particuluily i sy we envitonments. ‘This figure shows the
time and approximate feature size wheie vasious single-particle effects have become
significant. Note particularly proton-induced tatchup and two new permanent damage
effects, microdose damage and gate rapiun

The data in this figure show when these phenomena were finst discovered (generally
in commercial technologies).  Feature <iz¢ alone does not determine susceptibility to
these effects because of the importan ¢ of processing and loyout details. However, the
figure demonstrates how new effects cvolve as deviee technology changes. New low-
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Key Technical Issues

Charge Generation andTrappingininsulators

- Affects Both Bipolaranc th0S “1 echnologies

- Complicated Dependence onbBiias Conditions and Device Structure
— Time Dependent

Transient Charges otPhotocunients frombeavylonsorGammaPulses
- Upset Effects

— Latchup

- Destructive Effects

Parasitic Elements Arelmportantiorboth Phenomena
— MOS Structures inBipolaiDevices
-Bipolar Structures in MOS& Devices

Kev L cchuical Tssues

Two basic radiation effectspbenonicnanlnve proventobe particularly challeng ing  as
device technology has evolved: (1) <Fniec trapping atthe interface between silicon
dioxide and silicon, which is presenti o mos semiconductor technologies; and (2, )
transient charge pulses or photocuricn ¢ oncieited by heavy jons and short-duration
pulses of gamma radiation.

In order to understand these eficels it is necessary (o examine some of the physical
details of modern semiconductor devic s Iomany cases, the primary radiation effects
problem occurs because of parasitic stractun s that are not ditectly related (o the basic
device performance. For exarple, chorge trapping in the oxides at the surface of
bipolar devices are the cause of ionizanog domage, and recent results have shown that the
damage depends directly on dose tate o0 some technologies. A parallel example for
MOS devices is the importance of pacsitic hipolar structures in single-event upset and
latchup. In genecral these parasitic stro stares a1e not well controlled 1 commercial
processes, and this creates a gicat deal o ur sertainty 1 evaluating the radiation response
of commercial devices.

Radiation-h ardened technologies i desivned to take these effects into account, and
generally specify maximum parametisc chan es o1 upsetrates (details vary with the
circuit technology and process). Ievelopin hardencd circuit Ic;tiljoloz.its” requires a
great deal of effort by manufacturer wioy in mitially designing the process, butalso
mestablishing process controls sudhadyes  assutancetechnmqguestomakesurethat the
radiation response stays within prese nbed Inonts,
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Structure of an NMOS Transis or

Foly< 1ll: on Gate

\ .
- / Gate Oxide

Field oxide

N4 SOUree

b lype

« Operation depends onvieiori.y carricr flow from drain 10 source
« Gate oxide is directlyrdiated i devic ¢ perforimance

« Parasitic field oxige is rnuchthicker, and onlyloosely controlied

Structure of an NMOS Transistor

This figure shows an outline of an NMCS (ransistor. The basic operation depends on
the flow of majority carriers fiony sou-co to drain, moving ina lateral direction. The
flow of carriers within this tegion dop nds ¢ the voltage apphed to the gate, which
produces a ficld-induced junction in e buli: region under the gate. When a low gate
voltage is applied, the field-induced jrnctio depletes the bulk 1egion under the gate,
creating a high-resistance 1egion boetween soarce and drain, For higher gate voltages, a
conducting channel is produced, incre sing the conductivity between the source and
drain regions. The gate voltape for wiich twe channel first begins to conduct 1s called
the gate thieshold voltage, V..

The gate threshold voltage is affected by tapped charge at the swiface. As discussed
later, this can be affected by jonizing 1adation, which will then cause a change in V.
Gate oxides in modern devices are 80 200 A which reduces thenr sensitivity to radiation
damage compared to older technologios

In addition to the gate oxide, most ZTOS tansistors use a field oxide to provide
isolation. The field oxide is much thi-ker taan the gate oxide, 4500 to S000 A.
lonizing radiation can causc inversien in fie b oxides, 1esulting in very high leakage
curtent. This is a very important failuire mdChanisme in moder commercial devices.
Hatdened device technologies use spo il poocessing techniques to reduce gate threshold
shifts in field oxides. They may also s sy ccial processing to nmprove the radiation
hardness of’ gale oxides.
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Topology of NMOS and
PMOS Transistors in CMOS

n-well | 1
]

p-substrate

Topology of NMOS «nd I'MOS Transistors in CMOS

This diagram shows the fabrication ol NMOS and PMOS ttansistors in a junction-
1solated CMOS circuit. NMOS devices are tabricated directly in the p-substrate, while
PMOS transistors are fabricated m novoells thit are ditTused into the substrate early in the
processing sequence.

The circuit operation depends onreverse Bias junction isolation between the well and
substrate. This i1solation techinigue 15 very importantfortiansientradiation phenomena
because photocurrents are produced vithin the depletion junction of the n-well/substrate
junctionthat can have a largeimfluence ondevice responses. As discussed later, this type
of 1solation also produces a purasiicy-npastructure thatcan cause latchup. Other
forms of isolation canbecuscdthat 1,,111,. o: elimninate the effects of parasitic p-n
Junctions in MOS devices, aud suchapproa Les are often used in hardened technologies.
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Strut ure of & B polar Transistor
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o Operation depends ot oty c arriertran sport through base region

¢ Oxides are uscd only as baricts during processing steps

Structine of a Fipolar Transistor

This diagram shows the basic strocine of a bipolin transistor. Operation depends on
the transport of minority carniers mjected fiom the emitter-base junction through the
narrow base region, to the collector  he 1 aenitude of the collector current depends on
the base cunient (provided by extercarcuity). The ratio of collector current to base
current is the. common-cmitter ctn renteain. iy anditis the Tundamen, parameter that
is usuallyused to describe transistors,

Note that because transistor orwiii1{) 1 depends onminority current flow through the
base, transistors are far morc sensiti voto dicplaceinent effects from protons and neutrons
thau MOS transistors. Devices woithywiche bose segions (Jowetvalues of unity-gain
frequency 1esponse, f;) are moye sens et displacement effects.

Just as parasitic p-n junctions were inpo tant for some types of radiation effects in
MOS devices, parasitic oxide stracture, wtipolatdesices com have alarge influence on
the 1adiation response of bipolardevics 1 hie oxides used in bipolar devices are less
Well controlled than oxide.s inMOS dovi, o5 and ate ouly necessary to provide barriers
during processing steps. 1 hese oxider a o tvpaacally very thick, and may be grown in
several successive. processingsteprs
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Topology of a Junction Isolated Bipolar Transistor

piase

n-LoheCor

psub Arate

Junction-Iscleted Bipolar Transistor

This diagram shows the topology o & juiction-isolated bipolar transistor. Note the
added complexity compared to the basic stooctare in the previous figure.  Junction
isolation is done early in the processivy Hov by selectively diffusing p4 1egions around
“1slands” in the epitaxial n-layer that tainal v exists over the entive wafer. The p-dopant
diffuses through to the substrate, crest uy isclated noregions in the wafer that eventually
become the collector of npn tiansistors o as i CMOS, operation of these devices
depends on the reverse bias of & patasine juiction, in this case fiom the n-collector to the
substrate.

The 1solation junction creates @ paresitic pap transistor, fonuned by the base, collector,
and substrate, which can be turned on by traasient photocurients, Generally the large
arca precludes turn-on of this transisto: by 1 eavy 1ons, but this may no longer be true for
highly scaled devices. Four-region stiacinic . are atso present in junction-isolated
bipolar devices that can result in latchip

This formn of junction isolation ycqrine s ¢ Large spacing between different collector
islands because of the depletion width of the two reverse-biased junctions. (The
depletion regions cannot touch, o1 the <tactiae will bicak down because of punch
through). High-density bipolar device- wsually use a different approach for lateral
1solation, such as oxide sidewall o1 trensch 1s slation, in order to reduce the collector-
collector spacing. However, they usuaily retiin junction isolation in the verlical
direction.

18
UNCTASSHTED




UNCT ASSIFIED

Charge Trappingin Sil con Dioxide
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Charge Generation

Tonizing radiation produccs clectron-hol  pairs imnsufators and semiconductors.
This figure s h ow s charge within the virshizhresisitance gate of an MOS transistor. The
elect rons have high mobility, and ¢ gl , sweptoutto eathier the gate electrode or the.
interface. Holes have much lowernmobinity, but will mmigrate to ¢ither the gate or the
interface in time penods of millisccorivtowconds, 1 *11¢ transporttime d epends on the
gate oxide thickness and theapplicdiiclit Some of the holeswill iecombine within the
gate oxide. A fraction of the holes thineadhthe silicon-silicon dioxide interface will be
trapped. lllter'face traps canalso be crastedywhich al tect dedices indifferent ways than
hole traps.

Although this example involves s MO )S tansistor, the sanw basie process applies to
any sthicon/silicon dioxide iuterface. viciudimye the oxides in bipolar ttausistors.
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THRESHOLD VOLAGE VS. TOTAL [IC)SE. FOR
N-AND P- CHANNE 1 MOS TRANSISTORS
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This figure shows the change in thicshoid voltase for n- and p-channel MOSFETs
when they are exposed to ionizing tad:ation At low total dose levels, the threshold
voltage of n-channel MOSHITT'S decre ises vith increasing levels of 1adiation, and at
sufficiently high levels the change i thieshold voltape may be large enough to cause
enhancement-mode (normally off) devices 1y conduct. This is caused by the buildup of
trapped holes at the silicon-silicon dicande aterface. At higher radiation levels, interface
traps are formed that effectively work e th opposite direction (at high currents),
causing the change in threshold voltaye to reverse sien in n-channel devices.

An additional complicatiouatises becone, the hole traprs and interface traps have
different ime dependenci es. ‘1 hemo tong ortant difference is thithole ttaps generally
anne al with trme, even at room tenipes atine Phis can cause apparent dose rate effects in
M O S devices, because most of the hol s wiltecover at very low dosce rates, leaving only
the interface traps. Testing approuchic  havebeen dey cloped to deal with this problem for
MOS techuologies.

For p-channel MOSEETs, hole taps canse the thieshold voltage to shift in the
direction that further depletes the channl (vfectivelv the opposite direction from n-
channel devices). Interface traps hive the s ane effect in PMOS, so that even though
both hole and interface traps wre nnperient st is not possible to get the change in sign
that occurs in NMOS devices.

Hardened MOS devices arcavalaticwitnmuchlower gate thieshold voltage changes
than the valucs shown in this figure  Notcthatdevice hardening inu sttake both interface
andhole ttapsinto account.
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Threshold Shift at Various
Dosc Ratles for an NMOS Transistor
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The previous figure showed how bole ad mterface traps affect thieshold voltage.
This figure shows an example of o device v here hole and interlace taps compete,
causing test results to depend sttongly ou tost conditions.  Although not shown here, test
results depend on bias conditions (o, pate voltage) during and after irradiation, as well
as on dose rate.

At high dose rates, hole tiapping doanees, and using a critenon of AV exceeding |
V, excessive leakage current will appoa at approximately 600 ki1ad(Si0,). At
intermediate dose rates, hole tiaps and e ace traps compensate, and the device will
operate above 2 Mrad(810,). Howeve (ot Tower dose rates the device will fail below 500
krad(SiQ),). Furthermore, the farlure incde ot low and high dose rates is completely
different. The interface traps will cou-e swirching speeds to increase. In this example
this was the cause of failure at the cueeait el

This example’ shows how the comperitic 1 between the two charge components affects

lest structures and circuit failure. Jualoctstes the difficulty of interpreting tests of
complete circuits without supporimg ¢ata fromn test structores,

The time scale and total dose level oner which rebound effects are nimportant differs
for different technologies. For nuclea sconios, high dose 1ate 1esponse is often the
most important, whereas for space app ications the low dose 1ate 1esponse is generally the
most critical.

"After 1. S, Winokur, et al, Il I} "Tran- Noucl Scin, vol NS-33, pl 134103 (1986)

111
UNCT ASSHAED




UNCEASSIFIED

Dependence of Threshold-Voliage Shift
on Oxide Thickness
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Oxide Thickness Dependence

The threshold shift in oxides is redue ed s oxides are reduced inthickness, which
generally occurs as devices ae scaled (csiiler fe tture sizes. This figure’ shows the
dependence of hole traps andinter facrapon oxide thickness  Older devices used
very thick oxides, leading to latgcradistionmducedchangesat relatively low total dose
levels, but newer technologics ¢ xinlntuc Hower thieshold shifts. However, as discussed
inthe next slide, thick Tield oxidesar. stillicquired, and ficld oxide inversion is often
the dominant problem formore slvincedre chnologies.

Devices with high voltage ratings mnst s2 thicker gate oxides because of breakdown
limitations.  For this reason, power Mosbl I's and CMOS A/D converters usually exhibit
much higher sensitivity to totid dose flect than digital devices.

.M. Schwank, Short Course Notes frenn 194 1 Nuclewr and Space Radiation HiTects Conference,
Section 11, p. 69.
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-V CHARACTERISTICS QFN-CHANNEL TRANSISTOR
SHOWING FIlELD OXIDE INVERS1ON
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Lield-Oxide Inversion

This figure shows the 1-V chiarwteristics i an NMOS transistor at various total dose
levels. Only small shifts occur in the - are  vde thieshold, but field-oxide inversion
causes the leakage current to incicase of low carrents. As the radiation level increases,
ficld-oxide leakage eventually swaimps ont the transistor, leading to very large current
flow.

Circuits that are dominated by hele ovid Teakage usually exhibit a sudden increase
in power supply current that is lnghly onln car with dose. The cutrent will typically
increase from a few mitliamps to several hodied milhamps, and this failure mode can
occur at levels well below 20 kiadiStOr ) ‘Tias is the dominant fiailure mode for many
commercial integrated circuits, and also s the performance of some hardened
technologies.

113
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Surface Recombination and Inversion
Regionsin an n-p-n Transistor
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Total Dose Ifjects in Bipolar Devices

This figure shows a physical diagr, m of o bipola transistor. The charges produced
by ionization in the oxide region over e trmsistor con be trapped at the interface. Two
effects occur: (1) the trapped charge at the snrface of the emitter-base depletion region
increases recombination in the cmitter base depletion region, and (2), interface traps
increase the recombination rate at the soiface of the extrinsic base. Both mechanisms
cause a decrease in transistor gain. 1o powental, the trapped charge can invert the
surface, causing the surface of the depienor regions to spread into the base.

These processes degrade tansistor venn, particularly at low operating current.
Transistors that are specified over o wid. tarse of operating currents can be particularly
vulnerable to ionizing radiation dinnay e booause they ave specificd (and used) at very
low current densities. Devices with bnel vo'tige 1atings are oflen ore affected because
the lower doping levels that are requir-d 1o meet the voltage rating are more casily
inverted by surface charge.

The magnitude of these effcets is crong v dependent on bias conditions during
irradiation, particularly for discrete tansiste s Large increases in leakage current can
also occur when devices are iadiated with ronizing 1adiation. Voltage brcakdown can
also be affected.
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" by, ) V. D0SE FOR TRANSIST ORS
AND OPEE ATIONAL AMPLIFIE RS

i [ | 1 i [
o 7id)/()(1
e o
10 .
A L ePN2Y0.
» T eI
“/ /.,,/ e
o /_.o”"'
'fA . -
P P LLePNPEP?
u , B St
TTOE / - .
L /' I e N
< Va R x0T ]
¢ B _ P
a7 A NAtE |
P /‘//
L - L LrAton
- -~ T
1().5 P . ‘// . e
- Rl ]
e . -
W
!
10, { IR Y !
I v ‘1 6l 80 e e

TUAIDDSE [k rad (s1)]

Response of Typical Transivior Types to Tonizing Radiation

This figure compares total dose deadaon for several dhficrenttypes of npn
transistors. The parameter thotis plotiaas iy 1 /My, s which is Tinear with total
dose at lowradiation levels, Saturatici pen rally occurs at higher levels becau se of the
internal field produced by the deplenicurep i asitsp reads at the surface.

This figure compares different tanastor tvpes at low operating cutrents. 1ess
damage occurs at higher operating curents The lwee difference between transistor
damage 1s due to several Tactors, mcluhing doping levels (devices with high voltage
ratings have lower doping levels, and are tioae easily inverted), cunent density, and
oxide properties. Much less damagpe - cucrally occurs for pnp tiansistors because the p-
type region associated with the cinie -base junction is the highly doped emitter; the
high doping level requires more surfa ¢ cha ge to cause mversion.
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Degradation ofInput Bias Current of LM1 11
Comparator a1 1 ow and High Dose Rate
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Dose Rote Effects

During the last two years, several dificiont laboratories have observed that more
damage occurs at low dose rates 1 seon ty oes of lincar integrated cireuits. This figure
shows the change in input bias current ¢f o comparator with a substrate transistor input
transistor; which is fabricated very ditleren {y from conventional discrete transistors. For
this circuit, increases in input bias current cre directly proportional to the inverse gain of
the input transistor. Note the very Lnee diticrence in the response of this device at high
dosc rate (specified by current test starchords) and a much Jower dose 1ate, which is within
about an order of magnitude of the d e tres encountered in spuce.
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Dose Ratelftects in Bipolar Devices

Significantly more damage oczursal low dose rates
. Factors of 2 to 10 have beenreported
. Extremely low dose rates are required for some technologies
. Failure modes may differ athigh ant! low dose rate
Depends on device technolooy ani processing
* Large differences betweenvendors
. Special structures (such aslateral pnp transistors) are more affected

Mechanisms not fully undersiood
. Active research area

. Severely complicates testing aénd application of bipolar technologies

DoscRate 1 ffect Status

Fnhanced damage also occursat low do ¢ rates innpn transistors, but inost npn
devices are no longer affected by dos rate for dose rates below about 1 1ad(S10,)/s. The
mechan jsm for enhanced damagc i t, oo vicesisstibbeing investigated, but it
appears toheduetoacombinationoltlic very thick, poorlycontrolled oxides that are.
uscdin linear integrated circuits, m ¢omibitition with the peculimmnature of some
transistor structures in lincar 1€ 1 herealoappein to be large differences in the way
that parts from different manufactur o ses ond at fow dose rates.

A number of laboratorics arcinn e tGyat agthe dose-rate probilem forbipolar devices.
Onekey issue is bow to modify iz 1on Lsing appioactie s to deal with the problem,
because it is clearly impractic al tanmadate time- consumning tests atlow dose  rate for
bipolar devices. Irradiation at elevutidiomperatures one possible approach, but more
work isnceded o determine e thasw I wo bsatisfactonlyfor all (1~'vice technologies.

Recentreferences on dose-rate ef t cetsin Iapolundy Tces:

R. N. Nowlin, E. N. Enlow, R. I). Schuinptens 1 WoE Combs, HEEY Trans. Nucl. Sci., NS-39,
p.2020,” 1992

D. M. Fectwood, et al., TEER TransNuc seic NS-4 1, p1871.1994

S, McChure, R, 1, Pease, W. Will and G Perry JEEE Trans. Nucl. Scv, NS-11, p. 2544, 1994
A. H.Johnston, B. G. Rax, and (" 1 | ¢c I Hbrans, Nuel Sci, NS-42,p 1660, 1995

R. D.Schiimpf, et al., IEEE Trans NuclSqi, S 42, 14,1641, 1095
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Hardness Ve iability of Type 4000 Series
CMOS Parts
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Processing Effects

Small changes in processing can bive o Livge influence on the total dose hardness of
MOS devices. This example, althougl doted, shows how the totzl dose Tailure level of
CD4000-series devices varied with the. “Tis was an unhardened conimercial process
that had been extensively tested “Ihe sudd nodrop in hardness occurred because of
small changes in the way that the pate ovide was grown during processing. These results
lustrate how total dose harduess can change for commercial JITOCE SSES,

Radiation-hardened processes are

1 d to corefully control the processing steps

that affect the gate and field oxide It tiost cases, radiation evaluation of these processes
is done on a regular basis (o mahe surc that il
acceptable limits.

s racdiation response remains within
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Tota Dose Failurel evels of various Technologies

Typical Failure Level Bange

Device Category [krad (Si)] Comments
Bipolar op-amp 5- L0 May be affected
(commercial) by close rate
Bipolar op-amp > 100

(hardened)

A/D converter 4. 20 Wick variation
(commercial) indesigns
54AC Logic i) 30

(CMOS)

54F Logic 50 100

(bipolar)

CMOS &- 100 Usually dominated
Microprocessor by field oxide

Tvpical Foiture evels

This figure shows representative toal do-e failure levels for various technologies.
Considerable variation occurs for comnore vi processes because of the wide range of
circuit designs and variations in proce.sing. Cormmercial CMOS digital parts are usually
dominated by field-oxide effects The hondiess level of Tinear devices varies widely
because of technology differences

Hardened processes are usnally very weli controlled. Several such processes are
available that consistently produce paris winh hardness levels above 1 Mrad(Si0O,). Some
manufacturers provide foundiy scrvics so that then processes can be used for custom
circuit fabrication. The main difficulty witd hardened processes is that very few circuits
are available, and that integration den-itics are lower than advanced commercial
processes. Hardened circuits are alvo niore costly, but much less effort and risk is
involved in using these parts compare.d (o conunercial devices, which offsets much of the
higher intial part cost.
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Neutron Damagc Constant of Semiconductors
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Binittet ('urrent Density [A/em?)
Bipolar transistor degrailation 1 1 _ »KSi deut

depends ot base wid!t (f4): -h, ¢ },' (O 2efq

Newtron Diplocement Damage

Displacement damage degrades monty cartier lifetime in semiconductors, which is a
critical patameter for most bipolm devices This figure shows the dependence of the
damage constant, which affects lifetie. on mjection level for p-type silicon. The
damage constant increases significint vy at Lw current densitics.

The equation shows how transistor pain s related to the damage constant, neutron
fluence, and unity-gain frequency respense (). The key point is that transistors with
wide base regions (low ) are far more afi cted by neutron displacement damage than
transistors with high frequency. 1T ow 1) vasstors include transistors with very high
voltage ratings, and special types of tansisUits used i some integrated circuits.

In addition to neutrons, protons winl clecions also create displacement damage.  This
can be important in space application: Ay in, devices with Tow {, are the main concern.
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Example of “1 ransistor Gain Degradation

10,000

1000 ITEE 1‘(’00

hFEO s :}“:l

hee 100
hyios an
10
(7 = 100 Mtiz)
- for Jotz g0t 1014

Neutron Fluence (n/eim?)

Gain Degradaiion of a Typieal Transistor

This figure shows how the gain degradation of a transistor with moderate f; degrades
with neutron fluence when it s operat d of “neh curtent density, "The relative change in
eain is much higher for devices that hi ve bl imtial gain. However, a device with high
gain will always have a higher post-ra liatio - gain (assunmning the same damage constant
and I, apply).

For this example, relatively minos degracation occwms until fevels above 3 x 107 n/em’
are rcached. However, more degradaton would occur at Jower operating currents
because of the dependence of the dunige constant on cunrent density.

Note once again that the gain degradation depends on the reciprocal of the gain-
bandwidth product. A transistor with + | bhelew 10 Mz will exhibit similar degradation at
levels one order of magnitude balow the leve I shown in this exaiple. High f) devices,
including internal transistors i most loeic caeuits, will not degrade sienificantly until
much higher irradiation levels.
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Neutron Degradation of Va iot s Technologies

Neuiron Fluence
Device Type fn/em?) Degradation

G.eneral-purp.ose 1012 3x gain reduction
bipolar transistor

Commercial 05 2x1017 grx increase in
op-amp input current
Hardened . §014 Parameter drift
op-amp

54LS Logic > 1014 Parameter drift
Optocoupler W>1q011 50°/0 drop in current

transfer ratio

Neutron Degradution of Various Technologies

Thistable shows some examplesotthe nentron levels at whichsigoificant deg radation
occurs, Themost critical devicesare tincanntegrated citcwts with low . transistors.
Note that although many comuonlinem cicuits fail atlow levels, not al] lincar devices
usc late.ra] pnp and substrate puptionsisiors Thus the harduess Tevel of linear devices
canvary widely for differcnt designs vl processes.,

optics] devices are often Inghlvsenstiv, todisplacementefiects, This is caused by
two factors ¥irst, they oftentcly on tiiy11 ginntransistors,andsecond, collection of
optically induced carriers dependsonlitetne, which is degraded by neutrons,
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Primary Photocurrent

lop=a7AG(W4L)

Depletion
Region

IDevice Properties That Aﬂ(:«:;llw-,: i Ry
1) Junction Area ! g
2) Depletion Width (W - V **) \ e
3) Minority Carrier Lifetime(L-.'D1)
L=3umfort~10ns \
L =100 umfort - 10 pe ~
13 e-h ~-~ = insilicon),
(6122107 gisipens !

Priveary hotocurrent

This figure shows the depletion e cion aad diffised charge collection region
associated with a p-n junction. Facess catners ae produced thionghout the
semiconductor by the 1onization pulse. but cnly carniers within these 1egions are
collected by the junction.

The equation shows that the currert deps nds on the jonization pulse intensity,
Junction arca, and the total collection Jdentr The dragram applies to a bulk device, where
charge can be collected from the entire diftusion depth, This does not apply to
structures that restrict the collection tevion, such as silicon-on-insulator devices or bulk
devices where the prescnce of other ditfuset regions restricts the canier collection.
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Primary Photocurrent Waveforms
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Primary Photocirrent Waveforms

This figure shows the ideal titne response of devices with different lifetimes to a
transient radiation pulse that is 200 us wade. Por devices with short lifetimes, nearly all of
the charge is collected in very shoit timwes. e diffusion cornpenent increases for
devices with longer lifetimes. This nos enly extends the charee collection time, but also
mercases the magnitude of the photacarient (see the vquation in the previous figure).
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Primary and Sccondary Photocurrent

I,y causes a voltage
P

drop of Ip, BL
hefore turn-cm

flows out of
base lead through rg
and external resistance

Sccordury 'hotocurr ent

Circuit effects can amplify the pheiocwent collected i a p-n junction, resulting in a
much higher total current. This ficure shovs how photocurient in a simple transistor is
amplified. At low dose rates, only prominy photocurient will occut. However, once the

emitter-base junction is forward biase 10V,

0.6 V). the transistar will turn on, causing

a secondary photocurrent to flow fror- coll-ctor to ewitter. The resulting current is
highly nonlincar with dose 1ate; o vers Targ. increase m current will usually occur once
the turn-on threshold is excecded  These effects occur in integrated cirenits as well as in
simple transistors, The details can be quite complex
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Output Responses of the
54151 8-Bit Multiplexer

e wooutput
(8-widc Phase Splitter)

VR

2V/Div

Radiation

e - Y Output
(Sla'ndard Phase Splitter)
|

bl ‘__[—-

2 ps/Div

Pulse Width

Dose Rete - 2. gx | 08rad (Si)s

Digita] Circuit Response

This figure shows the responscol, digitil integrated circuit to a 2 s pul se of
ionizing radiation. At this dose tate, e ponse of one of the outputs exceeds the. noise

marg in, causing digital erjors
have a lower response.

Differnees neinternal eirenitty cause the other output to

Dose-rate effects depend on the deailed creuntdesign and layout. The threshold
upsctrate of commercial digittd 1Cx s Gpic 11 between 1x 107and 1 x 107 rad(Si)/s.
Hardened devices are available withinuch Higherthresholdupseticvels. Some hardened

designs use special SO1 processmy torcdie

which is an e ffective technique

the magnitude of internal phiotocurr ents,

120
UNCEASSIFIED




UINCT ASSIFIED

Transient Response of Operational Amplifiers

[

> >
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2 NCVUVNIIES At / M AAASAANSAANNANAN
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Junction Isolation Dielectric Isolation
] .1 _1_1 11 | [ [ O N O P d. -1
10 psec/Div 1 usec/Div
Dose Rate =2 x 1(r8raci(S1)/svc: Pulse Width = 2 nsec

® Junction-isolated deviceshavelong recovery times
® Feedback condilionsinfluencc recovery, nolprompiresponse

e Radiation hardenedop-auti* donot operate duwring moderate
transient ionization pulses

Lineor Civonif Response

This figure compares the 1esponse of o commercial and hardenced op-amp to an
lonizing radiation pulse. These two circuits respond very differently. A sinall voltage
transient occurs in the hardencd devicee that temporarnily cuts of [ the output signal, but
the 1esponse 1s small, and the chrcoit recove s quickly aftes the rachation pulse subsides.

In contrast, the commercial device satacies at the negative supply voltage value.
Several microseconds later, it abroptly switches to the opposite supply voltage limit, and
eradually 1ecovers at a time that 1« much Jonger than the time period of the initial
radiation pulse.
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Primary Photocurrentin a Rectangular
Well Test Structure
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Primary Photocirrant of a CMOS n-Well

The previous examples hu_vgslumx=su|m-\-,h;n idealized DII{oL ull’Lilt TCSPONSES. Real
devices canrespond quite differently lecause of satwation of the voltage across the
collection region,conductivitymodulitronidictothe high injection level, and charge
storage within the distributed structure: -y, figute shows the photocurrent of a CMOS
H-well. Even at relatively low doscrates il yegponse is very diflere ntfrom the idealized
waveforms discussed carlier. The ma nitad ¢ the photocutt ent is no longer
proportional to dose rate, As the doserate increases, the tme iesponse, extends to
periods O f several microseconds (the 1i distion pulse width was 15 ns). This shows the
di fficulty of understanding chemitiesp (e 1o tansient ionization cffects,
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Silicon on-Insulator Transistor
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(under gate)

Sidewall
Channel
HER Y
Gale Qxide
i
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SOI Technologies

One very effective way to harden d svices to pulsed radiation effects is o use special
structures that eliminate the parasitic pnctions, with large photocunients, and provide a
sharp physical Iimit to the photocuriert coll *ction volume. This figure shows a diagram
of a silicon-on-insulator (SOI) tansistn. In this example, the device is fabricated by
growing islands on the top of an S10, luyer. Photocutrent is Thnited to the charge
deposition volume provided by the verv shallow islands.

Hardened processes arcavailsble thaussuch technologies. SOltechnology
typically raises the transientupsetttncshiole toy two-to-three ord crs of magnitude
compared (o jlmction-iso]ale(ilug-h..(,]uw-\-s so1 devices have muchlower single-evetlt
errot rates, and are generally innnune 1o latchup, However, SOFprocessing is more
costly. Some additional ionizingradihionproblemsarcintroduced because of the
sidewalland the possibility of back chimnelleakage (the Si0; laverhas a finite
thickness), but these. difficulticshavereen: ' ved fo 1 hardened processes.
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Transient Upset Threshold of Various Technologies

Typical Upset 1hreshold

Device ‘1ype [tad (Si)/s)

545 Logic 05- 2x108
(bipolar)

Commercial i-3x106

Op-amp (bipolar)

Hardened >1x108
Op-amp
CMOS Memoty 1--ax10’

(Commercial)

CMOS Memory >1010
(hardened)

Typical Response Thieshold of Various Technologies

This figure shows the approximatc 1ang. of upset thresholds for various device
technologices.
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Charge Generatior in p-n Junctionby a Heavy lon

lon Strike

// Prompt Charge
-
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N Distortion of

. b > depletion regien
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Time. ns

Charge Generotion by Heavy Particles

This figure” shows the charge genciaed by a heavy particle in a p-n junction, along
with the approximate time 1esponse.  The dopletion region is distorted by the very dense,
localized charge track produced by the wan. This extends the prompt charge collection
region well beyond the nornal depleion reeon boundary (charge funnchng). Charge
collection also occurs from diffusion. The details of the charge collection process are
quite complicated, depending on tact dens tv, doping level, and charge-carrier
scattering processes.

TAfter J C. Pickel, Section I of Shiort € wurse a1 the Nuclear and Space Radiation Fifects
Conference, Gatlinburg, Tennessce, July 18, T03-
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CHARGE COLLECTIONINN+/pDIODE STRUCTURES
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3-D simulations by P FDoid ctal HEEETransNucl. Sci., NS-41, 2005 (1994)

Computer Calenliutions of Collected Charge

This figure show recent results for comypanter caleulations of charge-collection
waveforms. Note that the presence of an epaxial Jayver over a highly doped substrate
does not reduce the total collected ¢herge ae cffectively as might be expected intuitively.
The time dependence is exticinely nponian:, because many single-cvent upset
phenomena are only affected by the prompt charge that is collected in less than a few
nanoseconds, whereas others, such as Tutchun, integrate the charge over a much longer
time period.

Computer calceulations of collected charg - are particularly significant because of the
difficulty of doing experiments with & leque ¢ time tesolution. Sampling methods
provide a way to overcome this Hisitaion, ot these approaches can only be
implemented by using a heavy-ion miciabes i or laser, both of which allow the Jocation
of the excitation to be well contiollcd,
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Sensitive Nodes in a CMOS Inverter
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Single-Event Upsct in a 6-7ransistor CMOS Memory Cell

This fig ure” shows how single-cver Cups toccurs ina G-transistor CMOS memornv,
“1'1)(C memory call beupsetby "™ i cuthon- o1 I l‘cgjnns, du.'p_vndm;v,‘ on the state at
the output. No upset will occur until he ¢ wee collected from the ion strike exceeds the
critical charge, which depends on the <pecitic propertics of the niemory cell design.

This type of memory cell responds vory quickly, and hence its response depends
mainly on the short-time response of the collected charge waveform.  Other memories,
such as four-transistor SRAM« and DE AN respond 111[1011 moreslowly, and are strongly
influenced by diffused charge.

"After J. C. Pickel, Short Counse o the N feon and Spaze Radiation } tlects Conference,
Gathinburg, Tennessee, July 18, 1983,
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Upsel Cross Section for a
Commercial andHardened Memory
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Typical Dependence of Upsei Crosy Section on Linear Energy Transfer

This figure shows the dependence of up-ot cross section on lincar energy transfer for
a radiation hardened and a commerci il (unsardened) memory. Most experimental data
uses only a few ion types, relying on vlhong g the angle of mcidence to change the.
effective LET. This leads to ~ome unces @ity in cross section because of differences in
charge deposition for different angles aud ven types. Counting statistics also affect the
cross section, particularly at low 1171

The upset rate in space depends or Uaee factors: (1) the upset cross section, (2) the
distribution of particles, which falls very rapidly with mereasing 1.1, and (3) the charge
collection volume. Often the cross setian ctive is fitted to a mathematical distribution
(such as the Weibull distribution) in ¢ der o smooth out experimental differences and to
provide a convenient way to include ¢ross soction data in upset 1ate ¢alculations,
However, one should remember that thewe Ostributions are strictly a mmathematical
convenience, and can give misleading et tes of the threshold THT in cases where
limited cross section data are avalable near the thieshold region

The error-rate calculations shown i the figure are for a geosynchronous orbit, where
galactic cosmic rays are the main con e, Pven lerger differences in the error rate for
the two typesof memories willoccorwlovinorh s because the connmercial memory
can be upsct by protons.
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Charge Region Inducedin$ilicon Dioxide by a Heavy lon
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CENABLES HIGHLEVE 1.S OFCH ARG E INJECTION

Charge Profile within a Gate Insulator

This diagram shows the approxnnaie dinonsione of the charge ecncrated within a
silicon dioxide gate insulator by a heavy ior - Somie of the positive charge will be
transported to the silicon-silicon dioside interface, where it can be trapped, just as for
conventional total dose effects. Howe er, the density of charge is extremely high within
a short time period after the ion pusce thioveh the insulator. This 1aises the temperature
of the Si0O, within the charge colimn. The localized temperature 18 high enough to raise
the conductivity of this microscopic 1cgion In many orders of magnitude, which can
introduce other response mechauisine, pitrbicn larly for msulators which have a high
electric field present during the ol the ), srike

435
UNCTASSIEIED




UNCT ASSIHED

Microdose Hatd Errors from Heavy lons
inScaled Devices

OLDER DEVIGES

LOCALIZED DAMAGE REGION <G/ AFRLA

LARGE NUMBERS OF IONS MUSTSHIKE SOURCE DRAIN
GATE TO CAUSE TOTALDOSIDAMAG
LOCALIZE)» CHARGE
DEPOSITION REGION
FROM ION STRIKE
SCALED _DEVICES
GATE
LOCALIZED DAMAGE REGION:GAEARE A
SINGL E ION STRIKING GATE GCAN GAUSE “ OTAL ,
DOSE FAILURE SOUNCE DRAIN

Microdaose Frrors from Single Particles

This diagram® shows how microde.c hind errors can occut when the gate arca of a
device is reduced 1o the point where the localized charge collection area becomes a
significant fraction of the total pate arce. hiciodose errors have been observed for
devices with feature size below one riicion. and are expected to become more important
as devices are scaled further.

With these feature sizes, the localized dose is not sufficient o shift the gate threshold
voltage very much, and the main con:crn - m cirenit designs that are aflected by small
increases in subthreshold leakagc, such as DPRAMs and 4-transistor SRAMs, It may
eventually become important for conmventional logic as devices ate scaled to smaller
dimensions.

"Adapted from “1'. Oldhanictal, 011 Tan Nuel. Ser, vol. NS 40, p 1820 (1993).
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ReTe~T ON-TIME DISTRIBUTION
AFTER IRRADIA  ON WITH HEAVY IO ~S
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Catastrophic Hard Frroes in High-Density Devices

This figure’ shows experimental 1¢- ra DRAM that exhabits microdose errors
along with a second type of hard crior that appeais to be caused by gate failure. For
ions with LET below 80 MeV-cin /i (such as the iodine ion shown in the figure), only
microdose errors occur. The effect o the 1 ncrodose errors is to increase the leakage
current, increasing the minimum retertion time. The distribution of 1etention times
occurs because the amount of dansyn depends on the particwlan focation of the ion
when it traverses the gate. Note that only lost zeros™ ocewr with this mechanisin
because the effect is to increase leaba- o currentin the pass tansistor between the DRAM
storage cell and the sense linc.

d mechamsim appears (in addition

When the device was tested with gold e, a seo
to microdose errors) that causcs the totention time 1o fall to very low values. The internal
element struck by the ion can no longer be controlled by the gate voltage, and both
types of errors occur (stuck ones and zeros . The second type of had error s
potentially far more serious because 1mnay oceur with tandon Ingic devices as well as in
storage arrays.

"After G. W, Swift, ), J Padgct, and hnston JPEE Trans. Nucl Sc, vol. NS-4 , p.
2043 (1994).
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PREDICTED TREND IN HARDERROR THRESHOLD FOR
SCALED DRAMs WITH VARIOUS FEATURE SIZES
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Predicted Effccts of Soaling on Catastrophic Hard Errors

Although catastrophic hatd criens Jan b Found experimentally, the enor rate in
practical space environments 1s so fov that the problemn is not very significant for present
technologies. However, the lirmited diva svialable on scaling shows that the threshold
LIT deereases with decreasing fvature swe.

This figure' shows a prediction of the cficot of scaling on tneshold 11 as feature
sizes are reduced. The increased sensitvity oceurs because basic scaling relationships
require the gate oxide field to be v aed o order o take maximum advantage of
scaling. Once the threshold 1 11 decteases helow 40 MeV-cm’/ing, hard error rates will
increase to the point where several hiad crers will oceur per year in @ high-density
device. This will rise to much hiplicr ievels i the thieshold diops below 30 MeV-em®/ing
because of the increase in abundance of ol e cosmic rays below the iron threshold.
More work needs to be done on the ¢ foot of scaling and device design on hard errors,
but this may eventually be a agor stinbli ¢ point for the apphcation of high-density
devices in space.

"After A. 1. Johnston, G. W. Swiil. e 1 O Shaw, Digest of Papers from the 1EEE
Symposium on Low Power Electiomes, po st O lober, 1995,
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Gate Rupturein a Power MOSFET
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Gate Rupture in PPower MOSEE Ty

Heavy ions can cause gate raptine m povier MOSEETs. A sttong, vertical electric field
i1s present in these devices, and this ca sos the 11T at which gate rupture will occur to
depend on the drain-source bins a< well s on gate bias.

This figure” shows how botl paraerers sifect the gate rupture threshold. For typical
gate biasing, the effect LET threshold is approximstely 20 MeV-cm’/mg, but it drops to
much lower values when a higher vate-to source voltage 1s used.

Tests of gate rupture are difficult anc cotly becavse the device is destroyed once gate
rupture occurs. A large number of devices e required in order 1o characterize devices
in sufficient detail.

"Adapted from M. Allenspachictal 1013 T 1 ns. Nucl. Sein vol. NS 1. p. 2160 (1994)
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Summary o 1Hard E rror Effects

MICRODOSE MECHANISM
INCREASE. STRANSIS10Il [ EAFAGECURHENT

CAUSED BY LOCAUZED CHERGEH APPING

GATE FAILURE MECHANISI
OBSERVED IN DRAMSWITHO.GANDG.8um | E ATURESIZE

SIMILAR MECHARNISMINFOVERMISFETSs
CAFFECTE DBY CURRELTS IN UHDEFRL YING SUBSTHATE
.ERROR RATI CAN BEOWErt O BYREDUCING BIAS CONDITIONS

ALSO OBSERVEDINPROGE ANtILYVIE GAL E ABRRAYS
¢ HEAVY IONSCANFHOIBAMANTIFUSE S, (¢ HANGING GATE ARRAY CONFIGURATION
* OBSERVED IN THCHRC. 0GIEs WITH1 N, F EATURESIZE
o EXPECTED TOBEAM/ JORISSUEFORSICOND-GE NE 1@ AYIONDEVICES

Summaryvaof/ Llovd-Enor Effects

This figure summarizes the main sues for hard enrors. Gate rupture has also been
observed in programimable gate atravs in ad-liion to memory devices. For gate arrays,
the effect is to permanently alier the gate arnay by shorting the antifuse stracture that is
used to program the array.

lonswith very high L LI values are requied to introduce hard erors in CHIPmilt
technology devices. However, manufactuie sare planning to inttoduce new designs
with Jower operating voltages ind low powe dissipation. Programimable gate arrays are
planned for the near future whichwilliequi-adlower programming voltages and will
alsouse reduced insulator thicknesses. s fikely that hard enors will increase in
importance in the future, patticularivivhichlyscaleddevices
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|-V Characteristics During L.atchup
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Latehup Characteristics

This figure shows the cunrent voltige claracternistics of a four-region structure (a p-n-
p-n region), similar to a silicon-contclled yoctificr. The device can be switched into a
low-impedance condition, whete it fu ctions as a very efficient switch.

Key parameters are the holding veltaipe and holding current. The structure will only
remain on if the circuit condittons ar sufiisient to keep the holding voltage and holding
current above their minimum vilues,
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Latchup Path in a CM(9S Circuit
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Parasitic Transistors in CMOS

This diagram shows the way that npn and pnp perasitic transistors in a CMOS cireuit
form a parasitic four-region structine, A vartical pnp transistor is formed by the anode
(PMOS source or drain diffusion). the n-wel used 1o 1solate PMOS transistors, and the p-
substrate. A lateral npn transistor is formed by the cathode (NMOS source or drain
diffusion, substrate, and n-well).

The parasitic structure in most CMOS di vices can be trigecred by cither a transient
ionization pulse or by heavy 1ons unde e the sight conditions. Once the device 1s
triggered, it will draw very large cunends and will remain in that condition until the
device is destroyed by overhcating of the nn tillization or contacts, or untit the power is
removed. Note that junction-isolated tapalar devices can also exhibit latchup.

Latchup is an extremely important problon for military and spuace systems, but it is
very difficult to deal with becavse it d pond onthe detailed topology of the circuit as
well as on specific operating couditions and temperature. Some systems use 100%
screening, testing each individual device with a high-level transient jonization pulse in
order to make sure that none of the pats vsod i the systern will be affected by latchup.
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E feet of Temperatuie on 1 atchup Characteristics
of a Bulk CMOSMemory
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Lffect of Temporature on Latchup

Flevated temperature lowers the winim conditions {or triggering and sustaining
latchup. The main factor is the well resistance in CMOS, which approximately doubles at
125 °C compared to room temperatur. . 1His figure’ chows a decrease in threshold TET
of more than a factor of two, alony with ncnly an order of magnitude increase in
saturation cross section at high tempeiature This result is typical of most circuits, and
depends on the fundamental propertics of tie parasitic bipolar transistors.

Because of this strong temperature dependence, it is imporiant to do single-event
latchup testing at the highest specified tem cratwe. Caleulations of expected latchup
rates must take temperatwie into acco mi /4 factor of two decrease in threshold 1.ET can
have a very large effect on the upsety it in space.

Latchup from transient ionizition ~ alse offected by temperature. This may be
mmportant in determining the effcetiveness of Jatchup screening techuiques. leakage
currents can also be a factor in Jatchup senitivity, and nay cause o stronger temperature
dependence than shown in the fivore for scme technologies.

'After A, }1. Johnston, B. W. Husbock ar I RY Plaag, 1T EE Frans. Nucl Sci, vol, NS-38, p.
1435 (1991),
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Bulk anti E:pitaxial CMOS Structures
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Bulk and F'ptiaevial CMOS Technology

This diagram compares bulk and cpptinis! CMOS technologies. Aifirst glance there
i s not much difference, bitt the hne i thor i ht diagram shows the denarcation between
a lightly doped epitaxial laycr and @ hiebly doped subistrate. The substrate has g much
lowerresistivity than the substrateintie 1111 kdevice, whichis entirely composed of
lightly doped material, The low substia e 1. stance raises the minimum carrent (or
charge) required to trigger latchup anlalsancreases the holding vollage.

Epitaxial CMOS is usedimmany connne . ial cireoits. However, epitaxial wafers cost
considerably more than bulk wat e« hnon ny thehr vse. Epitaxial substrates always
improve latchup characteristics, but1e ults vy widely for different processes, as
discussed in the next figure.
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Weak Correlation of L atchup Threshold and Epitaxial
Thickness for Different Device Technologies
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Dependence of 1atchup on Epitaxial Thickness

This figue' shows experimental re-uits 1or a number of diffcient CMOS part types
fabricated on epitaxial wafers. 11 only the ¢ ntaxial thickness is varied, the minimum
triggering current (LET in this case) should seale as the teciprocal of the epitaxial layer
thickness, as shown by the dashed Vine which is arbittarily fitted to the 1.8 pun feature
size point.

There 1s rough agreement with this relat mship for some devices, but others deviate
widely. Several of the parts huve thie hold 11T values for latchap that are extremely
low, comparable to the threshold 11T of bull. technologies. The hmportant point is that
although epitaxial substrates gencrally rase latchup tiiggering levels, simply selecting
devices that are fabricated on epitaxinl substiates is not sufficient. Other factors in device
design and layout have a strong influence o latchup characteristics.

1/\(I:l} ted fiom 1. Chapuis, H. (Constans 1o and U Rozier, TEEEFT roms. Nucl. Seis, vol, NS
37,p. 1839 (1990).
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Latchup Detectionand Power Shutdown

Simple Concept: Deteciincreased Current and Shut Down Power

Complications;
Different Latchup Patlhs Can Produce Different Current Signatures
Some Circuits May Exhibit Only Small Current Increases after Latchup
Temperature Can Affect| atchup Characteristics
Metal lization Failure May Occutin Vet y Short 1 irne Periods
Power Supply Shutdownl« Not Straightforward

Latchup Detection and Quenching

Latchup detection and power shutcoven + sometimes used to overcome the latchup
problem at the system level. The boses concept is simple, but there are a number of
complications that may limit it eficot veness

(1) Complex circuits usually buve oy different latchup paths, with different
current signatures. This 1oy ncke it inpossible to seta current it trip point
that will be effective for all Lachup conditions. This is @ more severe limitation
for single-event latchup than tor Lohup induced by transient ionization.

(2) In some cases only simall cutiertin teases oceur after latchup, making it very
difficult to sense the Jatchup condition.

(3) Temperature can alter latchup charic teristics, as noted carlier.

(4) Metallization failure com occue o viory short ime periods, This can cause
catastrophic failure before the cincu s voltage can be lowered to the point where
latchup no longer occurs

(5) Power supply shutdown is conphicaited because usualty a nummber of different
circuits are affected. I'hic Lt o apn ctors that are p resent il most power supply
lines makes it difficult 1o lowe “he voltage 1o very shorl tine periods.

Clearly a number of factors detennmehioweffective this approach will he.. Its success
also depends on the likeliho od thiv Tt hup ol ac thally take place during the time that a
system is deployed. For example, i ¢nI\ oncortwolatchupeventsare expected during
the mission duration, the risk of thddotchojeircumventionscheme notworking may be
low CnOUgh to be accept able.
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Histograin of Holding Voltages
for SEU-Induced | atchupin7187 SRAM
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Equilibrivin Conditions During Latchup

This figure shows the holding volta ¢ at ihe cireuir level for a number of different
latchup events, triggered by hcavy jone. The voltage was established by limiting the
current to 200 mA, which was necessany 1o Leep the deviee from being destroyed.
Devices with high equilibrium voltage- el tively have higher holding currents if they
arc connected to a power supply with hiche current hmiting.

Forjons with LET = 11 MeV-cm /iy st of the events have a terminal circuit
voltage of 2V, with a small numbes as low 0. 1.7 V. When the test s done with a slightly
higher LYT, the distribution broadens, aid tere are more events with high holding
voltage. The key point is that the cyu hibrinm current duting latchup varies by about a
factor of two for this one individual device. & second latchup path with much lower
holding voltage can occur for 1ons witl cvers higher TET. This latchup path could not
be detected if the current trip point wa- ot Fased on the primary latchup path.

This illustrates the difficulty of chira terizing latchup for a device of even moderate
complexity. Temperature and unit-to-vni voriations further complicate this issuc.
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Powcer Supply Current vs.
Dose Rate fora 64k CMOS SRAM
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Jotehup Windows

This figure shows experimental 1esohs for a chicuit with a so-called latchup window,
which is shown by plotting the 1espon-¢ of “he device to successively higher dose rates
global irradiation).  As the dose rate increases, the device exhibits latchup. At rates
somewhat above the Tatchup thieshold Titehap no longer occurs, This is due to the large
mternal voltage drops that result from prime v photocurient in the Taree isolation wells.
(Recall the earlier figure that showed how isternal saturation extended the photocurrent
of an isolation well to times on the onler of wnicroseconds). I these cutrents are Jarge
enough, the internal voltage diops are sulticient to Keep the internal voltage below the
holding voltage, and the device no toreci evhibits Jatchup.

At much higher dose rates, a sccond Latcnp path can be trivgered, and the device
once again exhibits latchup. Jatehiup windows depend on the detailed lTayout of the
circuit, including the distance betweer the power supply and ground connections and the
dominant Jatchup paths. Latchup windows 1e very important in practice, primarily
because they can caunse misleading test resulis for devices that ate subjected to 100%
screening to determine latchup svsceptbility - Such testing is usually done at a single
dose rate [often a short pulse of o fow bundiod 1ad(S1) is used]. 1t the latchup window
overlaps the screening level, crroncous 1osulis are likely to occur.

Latchup windows cannot occur firor e le particles because only a single, localized
latchup path is involved.

"After A, H. Johnston, R. L. Plaag. il WP Baze, JEEE Trans. Nudl. Sci. vol. NS-36, p. 2229
(1989).
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Cross Scclional View of Trenchlsolation
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Trench Isolation : An I xample of an Advanced Technology

This diagram shows how vertical tenches can be used for lateral isolation in MOS
devices. Trench isolation improves pucking density compared to conventional isolation
but still relics on junction isolation in the ve ical direction, and hence latchup can still
occur for devices with trench isolation. How over, the presence of the trench reduces the
gain of the lateral bipolar transistor that i+ involved i latchup. The key factor in
reducing latchup is trench depth, rather i fateral spacing. Devices can be fabricated
with decp trenches that raise the holdin volt e well above the notmal power supply
voltage, eliminating the possibatity of 1achuy .

»

Trench isolation is used in some connenial technologies because of the improved
packing density that it provides.  One additioral problem which can occur is inversion
of the region surrounding the trencli, Cused by positive charge buildup from ionizing
radiation.
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Dependence of Holoing Voltage on Anode-
Cathode Spacing for DHfferent Technologies
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Effects of 1soiation Methods on latchup

Thisfigure’ shows how the holdine voltgedepends 011 anode- cathode spacing (a
fundamental layout parameter for lotchup {or devices with different technologies. 1t 18 a
useful way to lookatlatchup, becavseifthe olding voltage camberaised above the
power supply voltage,latchup (annotvecm The 1esults are for a highly scaled process
with very shallow diffusions.

For conventional bulk CM()s thoiwnmeaaas triggerning cunentincreases only slightly
with increased spacing, and theie is only a <nall efiec -t on holding voliaige. For epitaxial
devices, holding voltage increases i b o strongly with increased anode-cathode
spacing. A very differentresultocen  vittuenchisolation. In this case the holding
voltaige actually decreases withoncico e b wode-cathode spacing. This nonintuitive
re sult occurs because the trench depthg the ntnporcant parameter for this technology.

This figure illustrates the ditheulty of do leimining topolog ical conditions that will
reduce Tatchup susceptibility. “This is paruces Larly difficult for advanced processes, partly
because. the anode-cathode spacinghutly reduced to the point where substantial
lateral transistor gain is presentinordito it hieve therequired transistor density. Older
technologics used much wideranodccsthod  spacing. which was more effective in
alteringlatchiup conditions,

"After . V. Gilbert, P. K. Crabtrec. ane S W Son, Digest of Papers fron the 1DM | p. 731,
December, 1993,
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Commercia Semiconductor Technologies

Wide Ranges in Radiationltesponse May Oceur

- Lot Variations

- Unit-to-Unit Variations

- Technology ChangesBetweon Initial | valuation andProcurement

Uncertainties in EvaluatingDevice Responses
- Complex Circuit Responses

- Testing Complications

Commercial TechnologicsIncresse Performance and Reduce Part Cost
- Higher Risk Because Pracessing and Device Designs Are Unknown
- Higher Cost for RadiationTestingand Hardness Assurance

- Higher Risk of Probleinsthat Affect Cost and Schedule

Special Probicins jor Commercial Deviee Technologies

The next section of the short cowrs: will address commercial device technologies in
considerable detail. There are a number of problems in using conunercial devices in
highly reliable applications, patticulury if e cirevits are fabricated on high-volume
commercial processing lines where the Complexity of the operation and proprictary
considerations make it impossible 1o Cstabli-e sufficient control o1 knowledge of the
fabrication process.

Much of the material in this secuon has addressed radiation responses of unhardened
technologics, but in the conteat of militery v space gualified parts. where the
manufacturer has a vested interest v producing parts that ineet those specific
requirements. A different set of problons arses when comueraial parts are used
because the manufacturer no longer “nuvs ™ to high-reliability applications. The net
effect will probably be increased costs i o diation testing and hardness assurance, along
with higher schedule risk. The effeciveness of archival data baoks in sclecting candidate
parts Tor new systems may also chang
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Total Dose Degradationof Commercia Microprocessors
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Microprocessor Test Methods: An 1 yample of Manufacturing Variability

This figure shows recent total dose test results for mictoprocessors produced by two
commercial vendors. Devices from one manufacturer exhibit very large changes in
power supply current below 10 kiadtS1), and functional failute occurs at slightly higher
levels. Devices from the second manufectuier perforn far better. Only small increases
occur in power supply current, and deoaces continue to function even after 100 krad(S1).

Based on these results, the sccond manufoctarer s clearly the better choice. However,
with no detailed knowledge o1 conuol of the processing, it 1s not at all clear that the
superior results of the second manufas turer can be relied vpon in the future. The
difference in the response of the two cevice technologies is in the ficld oxide, and the
processing steps that affect the radiation response of the field oxide are often not very
important in the commercial applicution of CMOS devices. Minor changes i processing
could easily degrade the performance of thi- vendor to the point where there would be
little difference in the radiation performance of the two supplicrs.
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OP-27 Input Bias Current vs. Total Dose
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Linear Integrated Circuit Responses: An Example of Linear Device Complexity

Another problem that occurs with «omm 1eial paris is the possibility of large
differences in the responses ol diffvient devices from the same waler or processing lot.
This problem is not fully apprecined becan-c radiation testing is often done with very
small sample sizes.

This figure shows the effect of 1ot Ldose on inpat bias canent of a commercial
operational amplifier. Nincteen units were 1ested, with the same date code. Most of the
devices behave in a very consistent i mner. but one deviee has o much different
radiation response, particularly at low radiation levels. The parameters of this device
before radiation were consistent with *hose of the other cighteen units.

Characterizing this type of behavios is d iheult and costly. Once identified, it must be
taken into account in determining poyi-radic ton desien paranicters. Conventional
statistical approaches are of limited vilue in dealing with this type of behavior,
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Summary

This Section Has Covered a Wide Range of Topics
- Device Structures

- ionization Damage

- Transient lonization E ffects

SEE Effects

Much of the Presentationis Review Material

New Phenomena andF{fects of Device Scaling Have Been Emphasized
Dose Rate Effects in Bipolar Devices
Latchup from Transicntlomzation andHeavy lons

Catastrophic Hardlrrorsin Advanced Devices

Nunomary

This section of the short coutse i discussed the response of several basie device
technologics to various radiation phor ornens The main emphasis i the oral
presentation is on new phenomens, such as ard enor effects in highly scaled devices
and the dependence of total dose dam ge e bBipolar devices on dose rate. These are
both interesting topics, whiclh are not tully inderstood, but pust be taken into account
when designing future systems.

The course also discussed Tatchup i mor - detinl because it has not been covered in as
much depth in previous courses, ind 11w alva likely to increase 10 nmportance as devices
are scaled to smaller featuie syzes,

This work was carried out by the Jet Propol-io T eboratory, Califoraia Institute of Technology, undey
contract with the National Acronautics end Spiso Administiation, Code QW
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