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Historical Perspective on Radiation Effects in 11—V
Devices

Todd R. WeatherfordSenior Member, IEEEBnd Wallace T. Anderson, JMember, IEEE

Abstract—A historical review of radiation effects on IlI-V ~ rameters were developed; and 4) how fundamental aspects of

semiconductor devices is presented. The discussion ranges from|||-V device technology affected radiation hardness.
examining early material and device studies to present-day under-

standing of IlI-V radiation effects. The purpose of this paper is
to provide present researchers with a summary of discoveries and

lessons learned from previous failures and successes. A. Early Compound Semiconductors and Devices

_Index Terms—Compound semiconductor, gallium arsenide, ra-  Brattain and Bardeen created the first bipolar germanium

diation effects. transistor in 1947 [8]. Welker presented the first discussion
of compound semiconductors in 1952 [9]. Additionally in

|. INTRODUCTION 1952, Shockley developed the first silicon field effect transistor

I(FET) [10]. Common compound semiconductors in 1959

ADIATION effects ln_semlco_ndu_ctors are of concern TO ranged from various oxides (ZnO) to ZnSe and SiC, but GaAs
a broad range of device applications. Various applications

and_environments require knowledge of a wide range 8= [ ITROTRILS! TEL TRE R TUE TS BERe PROSL
radiation effects such as total-dose, dose-rate, soft errors, r‘?@ P P PP

Il. HISTORICAL ASPECTS

displacement damage. Radiation effects research on compo'l?n 961[12]. Mead developed the first GaAs FET in 1966, a

semiconductors has been pursued since the 1960s in an effo Foal semiconductor field effect t_ran5|stor (N.IES.FET) [13].
. . an Tuyl reported on GaAs FET integrated circuits in 1974
meet the needs of the nuclear power industry, national secur ) .- - .
. . 4]. The first InP digital circuit was reported in 1981 [15].
space systems, and the computer industry. These indust

were fueled by a growing semiconductor industy. The choigers B TR B VRS B0 CITRTER BERE AT
of substrate materials initially started with elemental semj- g P P

conductors such as Ge, Si, and Se and further spread w ‘leq,'her than for §|I|con or germanium devices. A review of the
. . aAs and InP industry has been presented in several places
compound semiconductor substrates became available. In

|
paper, we mainly discuss those devices fabricated on Gr 16];Ejli5911ion effects are separated into two areas: ionization and
llI-V substrates. This paper focuses on the performance an P '

reliability of these semiconductor devices when operated (I:Jsplacement damagel effects. lonization effects include total-
ose, dose-rate, and single-event effects. Displacement damage

radiation environments. ects are produced by nonionizing energy loss, which induces
Previous authors have presented reviews on radiation effeggs P y 9 gy '

in compound semiconductors. In 1973, Chaffin reviewed wo mage to the crystal by particle strikes, fast neutrons, thermal

from the late 1960s on displacement damage and ionization %?_utrons, protqns, el_ectrons., and ons. o
The electronic device applications where these individual and

fects in GaAs [1]. Simons presented a review in 1983 of total bined radiation effects can influence components include:
dose, dose rate, and displacement damage effects [2]. In 1§85 atl infiu P include-

and 1989, Zuleeg presented reviews on GaAs radiation effects® radiation detectors—all radiation sources;
related to weapon and space applications on complementary” Nuclear power controls—neutron, gammas;
junction field-effect transistor (JFET) devices [3], [4]. In 1988, * Strategic weapons systems—fast neutrons, ionizing dose-
Srour and McGarrity provided a review of GaAs radiation ef-  ate, total ionizing dose; _
fects [5]. After 1990, other reviews discussed more recent find- * SPace systems—total ionizing dose, single-event effects,
ings [6], [7]. proton/electroq d|splgcements; .

The following review provides: 1) a history of the studies * Natural terrestrial environments—single-event effects;
of radiation effects in compound semiconductors; 2) the im- * IC packaging—single event effects.

portant milestones and discoveries; 3) information on how pa-AS researchers investigated devices and components for these
various applications, many papers appeared that presented ex-
perimental data, theoretical analyses, and failure rate predic-
. . , tions on radiation effects. Normally, Ill-V devices were com-
Manuscript received January 27, 2003. This work was supported by the U.S. . -
Navy. pared to earlier silicon technology. Later, the newer compound
T. R. Weatherford is with the Naval Postgraduate School, Monterey, C@¢miconductor devices (i.e., InP, SiC, GaN) were compared to
93943 USA (e-mail: trweathe@nps.navy.mil). _ GaAs and Si. As transistor modeling software became available,
W. T. Anderson, Jr., is with the Naval Research Laboratory, Washington, DC h f d si lati f radiati f .
20375 USA (e-mail: wanderson@nrl.navy.mil). résearchers performed simulations of radiation effects on cir-
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values obtained from the early studies of ionization and dis- TABLE |

placement damage effects. We must be cognizant of how our 'ONIZED CHARGE PER UN'TNLIeEs?CTn':Q/FgR AION HAVING A LET OF 1
earlier colleagues obtained such parameters (i.e., ionization en- 9

ergies, rad conversions between materials, damage factors). Ra-
diation effects studies on future semiconductor materials will Conversion

: : : Target eV/ Density Ionized factor to divide
require knowledge of these earlier procedures and techniques. Semiconductor ch-pair  (gmlcm’)  charge pClum to
Lo . fClum obtain
B. Early Radiation Studies: 1950s and 1960s MeV-cm’/mg
When TRANSACTIONS ONNUCLEAR SCIENCE was first pub- Si 3.6 232 10.4 97
lished in September 1954 (a®ANSACTIONS OF THEIRE Vol. GaAs 4.8 332 17.8 36
InP 4.5 4.81 17.1 58

NS-1, no. 1) there were a total of three papers; these papers wel

concerned with nuclear reactor control and an electron acceler  Po+7GaossAs 29 349 303 3
ator. As stated in the editorial for that issue, it was hoped that the SiC 8.7 3.21 5.9 169
TRANSACTIONSpublished by the Professional Group on Nuclear GaN 103 6.11 9.5 105

Science would “be of real value to group members and a credit

to the Institute.” From that period to June 1959, the papers were

concerned mainly with the nuclear power industry and nuclegifice the pre-irradiation lifetime is much larger in Si than in
research. GaAs.

The scope of the IEEERANSACTIONS ONNUCLEAR SCIENCE From the late 1950s through the late 1960s, the research
was expanded in 1959 with a solid-state issue (NS-6, no. 2, Jwephasis was on displacement effects in detectors and solar
19509) that included the first radiation effects paper on an elegells. By the end of the 1960s, the radiation effects community
tronic device, actually optoelectronic devices in the form of $iegan concentrating on ionization studies (as opposed to dis-
solar cells [20]. It was not until 1961 that the first paper was puBlacement studies). Little was presented on ionization effects
lished [21] on radiation effects on a compound semiconduct¥r GaAs during that period. By 1968, many researchers were
device. This paper by Wright—Patterson AFB workers reportdd/estigating electron-hole pair creation energies in Si and Ge
on the degradation of a GaAs unipolar transistor fabricated[g¢]- Klein [28] provided ionization energies verses bandgap

RCA [22] according to a design proposed by Shockley [10]. §1ergy for many semiconductors, including GaAs, G:%P, Sic,
was found that the drain current degraded by 35% followirfgdS. PbO, CdTe, and others. The GaAs data in Klein's work

1-MeV electron irradiation to a fluence of6 107 cm—2. was attributed to Wittry [29] and Pfister [30]. Wittry’s value

Following these papers, the first Nuclear Radiation Effec® 4.8 e€V/e-h pair is commonly used for GaAs. Table | in-
Conference (which later became Nuclear and Space Rak¢lddes predictions of ionized charge per unit path length for
ation Effects Conference, or NSREC) was held in TorontéPn tracks in various semiconductors derived from Klein's
ON, Canada during June 1963; conference papers were pi@@jzation energy relationship. Recently, spectral responsivity
lished in Section | of the November 1963 issue of the IEEfeChniques have been used to measure a 4.6 eV ionization
TRANSACTIONS ONNUCLEAR SCIENCE (TNS). That issue also €nergy for GaAsP and confirm the 3.6 eV value for Si [31].
included invited papers on “Radiation effects in diamond lattideven though a large bandgap leads to a large ionization energy
semiconductors” [23] and “Mechanisms of transient radiatid@r electron-hole pair creation, the density of the target material
effects” [24], both of which proved to be fundamental topic§ critical in determining ionization per unit length. As shown
for future investigations. in Table | [7], low-density and large-bandgap semiconductors

Contributed papers appearing in Section Il of the TNEhould be preferred in ionization environments in order to
November 1963 issue under “Steady state radiation effecfginimize susceptibility to ionizing particles. Equivalent ions
included a significant paper [25] on permanent damage produce more charge per unit length in GaAs than Si. lonization
semiconductor devices and also established that “dislocatf@tgrge tracks in InP are comparable to GaAs. Note that future
damage equivalence for various forms and energies of ratiGaAs devices should be even more susceptible to ionization
ation is desirable in order to allow reasonable predictions 8ffects.
semiconductor component vulnerability for various missions.” . o
In that paper, silicon bipolar transistors and pn diodes wefe Device Radiation Effects: 1970s and 1980s
irradiated with 10-MeV protons, nuclear reactor neutrons, 5-to Following the first NSREC conference, the period from
25-MeV electrons, Cobalt-60 gamma rays, and Bremsstrahlub@70 to 1990 saw a great deal of radiation effects research
radiation from stopping 5-MeV electrons. as GaAs and related compound devices became more preva-

Another important paper in that first TNS issue compared rkent. The high electron mobility of GaAs was attractive for
diation damage in GaAs and Si solar cells [26]. From a study okra-high-frequency applications. During the development of
degradation in efficiency of the devices following irradiation bysaAs devices, rapid advances were occurring in Si MOSFET
0.8-MeV electrons, 5.6-MeV electrons, and 18-MeV protonsjanufacturing techniques. The wide use of MOSFETs was
it was concluded that GaAs solar cells were more radiation rebserved in the dominance of papers in the TNS addressing
sistant than Si solar cells. This occurs because recombinatsilicon MOS devices radiation effects. The MOSFET'’s gate
centers created by radiation-induced displacement damage heave field oxides for both MOSFETSs and silicon bipolar devices
a larger degrading effect on carrier lifetime in the Si solar celNere a susceptibility issue for total dose effects. Neither GaAs
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bipolar transistors nor GaAs MESFETSs included any oxides, so TABLE I

these devices had minimal susceptibility to total dose effects. ROENTGEN TORAD CONVERSIONFACTORS
The majority of 1970s publications on GaAs device radiation

effects examined displacement effects that reduced transistor

performance. These publications examined the degradation of Material Ng::éoo silce;ﬁm S ]zmufm
lifetime and mobility by neutrons. McNichols studied the ef- Si 8690 p.869 p_8C74
fects of fast neutrons on GaAs junction JFETs and compared GaAs 781 817 923
his findings to measurements to Si JFETs [32]. It was found InP .892 .892 -

that for GaAs devices irradiated in the fluence range df*10

to 10'¢ n/cn? and with initial carrier concentrations of 10to

10'¥/cm?, the hardness level was predicted to be nearly the satneeach other. Identical sources of radiation are absorbed
as for n-type Si JFETSs, with Si p-type JFETs having a lowdifferently in different target materials. For comparison of
hardness level. The radiation hardness level was based on a Z88 gamma sources the conversion between rad(Si) and
decrease from the initial carrier concentration. In another stucyd(GaAs) also depended on the spectrum of the gamma source.
of neutron effects on GaAs devices [33], Gunn diodes were for GaAs absorbed dose, a “dirty” or nonmono-energetic
radiated with neutrons from a fast burst reactor at fluences gpectrum C& source may provide 18% more dose than a
to 1 x 10" n/cn?. It was found that the hardness level forclean” mono-energetic spectrum. Table Il includes data on
power failure increased with increasing initial carrier concersi, GaAs, and InP for converting Roentgens to rads [42].
tration. Hardness levels were determined to be 20'* n/cn?  Note that the calculations in Table Il are for bulk material
at 3.3x 10"*/cm?® and 1.12x 10'* n/cn? at 1.5x 10'5/cm®.  where no oxide interfaces exist. GaAs absorbs less gamma
A similar study [34] of epitaxial Gunn diodes and Hall samplegnergy per gram than Si or InP. However, note the difference
demonstrated that device degradation resulting from neutronji-densities in Table I. The low density of Si results in less
radiation was due to a combination of carrier removal, low-fielghsorbed energy per unit volume.

mobil.ity degreasg, and ”_aPpmg_ of cqnduction electrons. By the early 1980s the Defense Advanced Research Projects
Toinvestigate light-emitting diodes in a space environment, g, (DARPA) initiated development of radiation hardened
study_ [35] was madt_a ofthe QE_:grad_ann of various types of COBaAs digital technology [43], [44]. Parallel to this program was
mercially available light emitting diodes at electron fluences e Department of Defense’s (DoD's) Microwave and Millimeter
:Ollolo e/CT?I.I I wzsgoug:;hgt 2cphzqﬁthe 2'%;(5:\'[ rad'gt'o(have Monolithic Integrated Circuits (MIMIC) program that
olerance, Tollowed by SF, (ar, diffused aAs, an eraéveloped GaAs microwave circuits [45]. This technology

taxial GaAs. ; o
. . evelopment was to support the Strategic Defense Initiative
Borrega [36] examined the high total-dose hardness of G (SDI) [46]. SDI applications focused on strategic and space

microwave devices. Although GaAs devices were found to have .
o efivironments. Thus, total-dose, dose-rate, neutron, and recently
total dose radiation hardness levels for gamma rays, X-ra

electrons, and neutrons comparable to these Si devices tha |govered soft-error effects were to be investigated with

not have a gate oxide, it was found that GaAs FETs [37], [3 erging GaAs IC technology. The total-dose requirement

and photodiodes [39] experience a transient response after%E—SDl was difficult to achieve with MOS devices. Since

posure to pulsed X-rays or electrons. These transients may %Dl\sddewcr:]es(:j b d'd. ';Ot employ OdX'd?s (thui hzvmg '”herg.“;
long-term and persist for times in the order of seconds at ro&%a' ose har ngss), ,) possessed a larger bandgap over SiTor
pgpparent lower ionization generation; 3) had high-resistivity

temperature [38], [40]. The change in drain current followin . . . X

flash X-ray exposure occurred in both ion-implanted and e ybstrate; for isolation; and ,4) provided superior transpprt

taxial devices and was most pronounced at low drain Curreqﬂaracterlstlcs, GaAs electronics appeared to be ideally suited
rfr?é the SDI initiative. Additionally during this period, higher

under large negative gate bias near pinchoff. The recovery ti : : )
after exposure was found to be many orders of magnitude lon grformance heterostructure transistors were being developedin

than that expected from ordinary photocurrent generation a laboratory, and by the e_nd ofthe de_cade VLSI heterostructure
decay. It appeared that the long-term transient effect was gHCaAS/GaAs ICs were in production [47].
marily due to charge trapping and its subsequent thermal reAs digital ICs and MMICs were developed from discrete
lease in the GaAs substrate material [38], [40], causing a “badkaAs devices, radiation effects were found to be important in
gating” effect. Assuming this to be the case, GaAs FETs welfegese GaAs ICs. The first IC latch-up due to dose-rate effects
fabricated with a buried p-layer by implanting Be just beneatdas reported [48] in 1982. Transient radiation (dose-rate)
the active n-layer to better isolate the active channel. Compagftects were studied in RF power discrete GaAs MESFETSs [49]
to similar GaAs FETs fabricated on the same wafer withoutand MMICs [49], [50] and hardness levels were established.
buried p-layer, it was found [41] that pulsed radiation inducddore accurate total-dose measurements were also reported for
drain current transients were reduced by two orders of mag@iaAs devices [51] and MMICs [52]. Neutron radiation effects
tude following 100 rad X-ray pulses. Device performance wagere reported [53] for MMICs under RF power including
also improved, with the transconductance increasing by a factmmbined pulsed X-ray and pulsed neutron irradiation to
of two. more accurately simulate a nuclear event [54]. Compound
As GaAs devices became more prominent in the early 1988gmiconductor devices, with respect to total-dose, dose-rate
total dose results on Si and GaAs devices were being compaaed neutron effects, were on track for the DARPA program.
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Single event effects (SEE) were discovered just before t Comparison of Soft Error Rates
DARPA initiative [55]. In the study of SEE, it was found [56],
[57] that permanent damage and even burnout occurs dur
heavy ion irradiation and a model was proposed [58] to expla
the effects. In an extension of that model using the Monte Cal
method, it was possible to calculate the heating rate of each [
ticle as it passed through the device at various locations [5
Single event effects were found to be important in GaAs di
ital ICs with the first single event upsets (SEUs) reported [6C 5
[61]in 1983 and 1984. Decoupling and circuit techniques pre\
ously applied to CMOS SRAMs offered limited success in GaZ |
JFET SRAMs [4], [62]. As more SRAMs became available fc &
testing, the soft error rates showed higher sensitivities than bi
Si SRAMS [63]. Circuit anaIyS|.s tools were usedto study charg e 102 o o o 0
collection [64]. It was not until the following decade with de- Power-Speed Product (pJ)
vice simulation that the SEE sensitivity in GaAs ICs was unde: -
stood. Charge collection between silicon and GaAs devices was _ _ _
different due to both material and device structure parametef¥. % Geosynchronous orbit soft error comparisons for various IC

. . . . gies.
Hopkins and Srour investigated charge collection on GaAs and
Si diodes and suggested that funneling effects were minimal in
GaAs [65]. That work was used to predict photocurrents for cigoft error tests [70], [71] and charge collection experiments [72],
cuit simulations [63], [64]. [73], with the help of device simulation tools [74], determined

The GaAs SEE issue was not solved and the DARPA initiatiJBat the SEE sensitivity was related to several items: 1) the unin-
was essentially over by the end of the 1980s. The DARPA irfitlated GaAs FET gate; 2) hole collection in the semi-insu-
tiative funded several GaAs foundries and spawned many nEing substrate that provided a mechanism to induce a bipolar
firms in the wireless and optoelectronic industry. Many sudtansistor effect [73] or back-gate [74]; and 3) the low-doped
cesses occurred. However, the digital GaAs industry was bstrate that provided long diffusion lengths, which increased
able to compete with the lithography advances propelling t§€llection volumes. Also, as noted in Table I, the ionization in
Si CMOS industry into personal computers. Wafer yield issuézAs per unit length is higher than that of silicon.
prevented continued funding for military digital GaAs IC appli- Once the soft error issue was understood, techniques to in-
cations [66]. The DoD was no longer a high volume customerease substrate recombination via buffer layers mitigated the
compared to consumer applications. GaAs digital SRAMs couytdoblem [75]-[77]. The use of low-temperature grown GaAs
not compete with the Si SRAM market, nor could GaAs SRAME' 8] in a buffer layer below the transistor was used. The buffer
provide SEU hardness approaching the CMOS/SOS SRAMayer incorporated high defect densities of As antisites and Ga
GaAs analog applications, unlike digital, had moved to the comacancies which increased electron trapping and recombination
mercial sector and showed profitability. Microwave and analogtes by three orders of magnitude. SEU-hardened GaAs ICs
GaAs devices satisfied the neutron and ionizing dose-rate nebdge been successfully implemented in satellites [79]. Other
for ongoing military systems. variations in the GaAs buffer layers provided improved recom-

InP-based devices were also studied during this time periduination and reliability [80]. Fig. 1 shows a comparison of soft
In the 1980s, InP-based discrete devices were available &ror rates for various IC technologies [7].
study. Transient radiation effects and total-dose studies wereSingle-event transient (SET) errors in GaAs were also impor-
made on InP metal-insulator-semiconductor field effect tragant. During the 1990s, digital GaAs ICs were only being uti-
sistors (MISFETSs) and large-amplitude long-term transientized for high-performance applications. Most GaAs ICs were
similar to those seen in unhardened GaAs FETSs, were reportgitized for data communications and not memory storage. In
[67] following pulsed electron irradiation. These InP MISFET$992, Schnierderwind [81¢t al. presented experimental ev-
were also found to have low total-dose hardness levels of omdence of soft errors in GaAs MESFET combinational logic
5 krad as a result of charge trapped in the gate-insulating laysiiring dynamic switching conditions, not in static tests as nor-
Improved radiation hardness was achieved by elimination gfally performed on SRAMs. These soft errors in combinational
the gate insulator using a JFET design. It was reported [G8]ic were not unique to GaAs ICs, but were also experienced
that these InP JFETs exhibited only small transients whevith other technologies [82], [83]. Techniques became avail-
irradiated by pulsed electrons and had total-dose hardnaste to measure signals on-chip at gigahertz clock rates. By late

E/D MESFET
DCF 4

e (Errors/bit-day)

levels of greater than & 10° rads. 1998, measurements of InP-based heterojunction bipolar tran-
sistor (HBT) ICs at 10 GHz showed susceptibility to multiple-bit
D. Radiation Effects in the 1990s errors in combinational configurations [84]. A substrate effect

similar to that causing SEE sensitivity in GaAs FET devices was
By the early 1990s, there were still programs utilizing digeroposed [85].
ital GaAs ICs for space applications. The soft error issue wasA summary of milestones in Ill-V semiconductor radiation
unresolved and required additional investigation [69]. SRAMffects studies is shown in Table IlI.
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TABLE I TABLE IV
TIMELINE OF RADIATION EFFECTSMILESTONESRELATED TO GaAs [EVICES RELATIVE COMPARISON OF GaAsTO Si DEVICES FOR SEVERAL
RADIATION EFFECTS

Year Milestone

1961  Electron radiation effects on unipolars [21] Threat Hardness Reasons why and
1970  Neutron irradiation of GaAs JFETs [32] relative to comments
1978  Total dose measurements on GaAs MESFETs Silicon
[36] Total Much Harder * Component devices
1979 First dose rate study of GaAs FETs [38] - g)mzmg I(jo b‘;{lk 3‘) 1‘3" not trap C;mge
. 0se ess Harder = o radiation-
Dose rate studies on GaAs ICs [37 . .
(37] (to Si SOI) induced turn-on of
1981 Dose rate effects on GaAs photodetectors [39] parasitic MOS
1982 Dose rate latchup studies in GaAs ICs [48] Ionizing Harder s Shorter  minority
1983  First JFET SRAM SEU proton experiments [60] Dose Rate (to bulk Si) carrier lifetime
First JFET SRAM heavy ion SEU experiments Softer = No radiation-
[61] (to Si SOI) induced turn-on of

parasitic bipolars.
Displacement Harder =  Higher doping
Fluence levels
= Shorter  minority
carrier lifetime

1992  First experiments on dynamic SEU testing of
GaAs SEU [81]

I1l. FUNDAMENTAL OBSERVATIONS

A. lonization Effects

1) Target Density:As evident from Table |, ionization-in- gate devices prevents single-event-induced charge from being
duced charge is related to both the target density and figgnoved from the gate node. As seen in Fig. 1, as various gate
electron-hole pair ionization energy. Wide bandgaps, higinctiontechnologies utilized higher Schottky barrier heights in
electron-hole pair ionization energies, and high resistivifj’e gate structure, the soft error rate decreased. However, after
were assumed to be sufficient to provide ionizing radiatidfie substrate issue was solved with short-lifetime buffers, it was
hardness over silicon devices. The importance of target dengi§sumed that the substrate collection was the most critical issue
is sometimes overlooked when comparing semiconducirthe SEE sensitivity of GaAs ICs.
technologies. Low-density wide-bandgap semiconductors such
as GaN and SiC may be useful for consideration in ionizing. Displacement Damage Effects

radiation environments. _ In the 1970s and 1980s, neutron weapon effects and later
~2) Substrate CollectionFor dose-rate effects, the high-rexpace trapped proton effects were examined. Displacement
sistivity semi-insulating substrate was an improvement overg@mage induces defects that degrade mobilities and introduce
p-doped bulk Si substrate. However, the GaAs material includggh o mpination centers. Displacement effects in bipolar devices
defects such as EL2, which was related to the As antisite. Tiigrease base recombination. In homogenous bipolar devices,
defect trapped carriers over microseconds [86]. _ displacement damage is more critical than in heterojunction
For SEE effects, the diffusion length in the semi-insulatingihojar devices because base current is mainly due to hot
GaAs substrate was on the order of microns to tens of MicroRgyrier transport rather than diffusion. In FETs, the degradation

which is much longer than a diffusion length in a p-doped $ mopility or the creation of trapping centers is the limiting
substrate. It was not until techniques were developed to redyg8chanism.

lifetimes in the GaAs substrate that the soft error issue was miti-apnother issue in studies of displacement damage effects in
gated [74]. Doping the GaAs substrate_wo.uld degrade |solat.|qn._v devices is the ability to compare experimental results

The use of radiation damage.to Iower lifetime was not prac“_oéétween various particle sources, specifically proton and
[87]. In many cases of radiation testing of GaAs SRAMs withetron damage. Recently, Messengeal. have provided a

heavy ions, the SEU hardness improved with fluence [88]. lccessful methodology to compare nonionizing energy-loss to
the mid-1980s, superlattices were applied to the problem of Iofkperimental results in GaAs devices [90].

ization in the GaAs substrate [47]. Superlattices were not very
successful for SEE, possibly due to long duration DX trapping
centers in AlGaAs [89].

3) Noninsulating Gates:lonization in the gate region of an Examination of the history of the Ill-V device field shows
FET creates photocurrents that directly connected to the g#iat radiation effects studies migrated from experimental studies
node of the IlI-V FET. In MOSFET devices, the single-evertdf ionization and displacement effects in bulk materials during
photocurrent is related to the drain-to-body junction, wherettze 1960s and 1970s to experimental analyses of device effects
in most llI-V FETS, the rectifying gate’s depletion region is thén the 1980s. In some cases, GaAs IC designers borrowed MOS
source of the charge collection. Decoupling resistors in CMQ$cuit hardening techniques without much success. Table IV
circuits protected gate nodes of MOSFETs from charge cglrovides an overall comparative summary of GaAs and Si de-
lection on drain nodes. Decoupling resistors in noninsulatingce hardness to major radiation threats [91].

IV. CONCLUSION
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By the 1990s, further efforts to solve the SEE problem needef 7]
device simulation, new experimental techniques for dynamic
circuits, and defect engineering techniques to arrive at a SO|LE18]
tion. For a solution to be attractive to commercial foundries, the
hardening technique must not limit performance, must be timel
for implementation, and must not increase costs. This scenar¥0
presents a difficult challenge for workers in the radiation-hard-
ening field.

In early 2003, we observe that the GaAs foundries arézo]
switching over to InP-based devices. Many of the effects angb1]
mechanisms applicable to early compound semiconductors will
also apply to new devices and materials. As these new devic
continue to lower power-delay products, ionization effects
(both space and terrestrial) may become more critical for mani#3]
applications. [24]

Another point related to the survivability of emerging tech-
nologies should be made. The changing geopolitical environi2®]
ment (SDI has ended) and economic environment (GaAs could
not compete in the microprocessor or SRAM markets) esserz6]
tially eliminated the digital GaAs market (one firm did sur-
vive). On the other hand, commercial analog GaAs devices bé?"!
came very profitable and manufacturers were not interested in
offering devices for radiation-hardened applications. Whatevelf8]
direction future semiconductor advances takes, the study of fun-
damental radiation effect mechanisms will continue to be base[d9]

on the earlier contributions described herein. E(l)}
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