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SEM CONDUCTOR SUBSTRATE | NCORPORATI NG A NEUTRON
CONVERSI ON LAYERTechni cal Field The present invention

WO 200di0ssee ed i n general to sem conduct or substPEL/ES2004/032556
The present invention is specifically directed to a

conver o SMGOITCH AR AF R TR REORFOBRENE o
detecti on of nNEWELTIRONCORBEIENIONT AMERRN devi ce

fabricated in the substrate can be one of many
di fferent types including: sinple junctions

. t.al /oxi de/metal or p/n junction type),
Iﬁm@lﬂrﬁg—?—@e- coupl ed devices (CCDs), and
TRIpbseRind@fRAliS ginebied BreehdeSh senii@maadtee substrates ! Bhe present

] _ The devel opnment of nucl ear weapons gave rise to .
inventios és/pegificalhpdirrctasip 2 semiqopducteioubpiraip fpt Hrgladesianeutron conversion

t . it l [.ONS A e : :
overco LS AENIBE D5 0 BECARRI 00 L REMIRaciop ovcs
fabricate?deihitlﬁé Shiatﬂraw carplpd ?ne{ﬂfﬁhirfyefiﬁbﬂanftypaerﬁﬂchhmg: emople functibns

ost mlitary payl oads. More recently, er, the .
(metal/oxileanete) o pat Hnaien fa@% FRAE B sRURSSH G @819% gmastel-gide-
semicongfrllgﬂrtg\@@Sﬂn@&‘r&t@& Mearon (so called "dirty" bonbs),

rrorist” acts, has given rise to an urgent need
The deselbpmentrduticloar weapess fdvarte tasevsoal degerdapplpeations for highly

.. facilities, t tafi t d oth I
st b ot RS e R B e BB P anc
weapons, MeQiy3fariABatfon &ﬁﬂhﬁiﬁf&@%rﬁ, anPtetedtiety &N oStiniRhlyl ARTRds. More
nust "be acconplished w thout undue restriction or ) )
recentlydhasveygt, itegnestl te gadrdiagainstamcleadsnengshing. thepokgitisLein rdiological
nvent i.onal, , neut.r t
wspon SR ASL OSHSY B H5b A5 B PSRN A AR prtom

neutron Sl ElllafdY £ bbrdan snd panicilitias, te@eportation kieemaked ofher places where
energetic charged nucl ei being rel eased fromreactions

large amgunigend atigAOF BevRle ARSEY BhY thIRYEh AN AT PRS- atushineutron

surveilldids biftlst b BnblidihvAhodEYldue SeduiGidids d?s_rﬁﬁﬁ&ﬂ 8fYraffic flow and
sensitive material (either a gas or a liquid) that

events. generates charged particles upon receipt of incident
neutrons. Typically, gaseous helium 3 contained in
gl ass tubes has been utilized in conventi onal

BackerchgliMrt | | ation devices. The scintillation devices are
tfypically coupled to a photonultiplier tube to o
Gementaenal aentronaletagtass baverieembassid gndhe peneananeniof ecintillation,

.. .productign . of .the charge rtigl Wi t-hi iy
which i’ B4 el SRR BEE0RA L fiePardich Phthebf s difnuctet being
releasedafi®m Retclynsitthy 80t invydbit neirdrechntian itfadiated atdr@icthuclei. Scintillation

_operations requiring conpact and highly sensitive
devices include a neutron sensitive material (either a gas or a liquid) that generates charged

particles upon receipt of incident neutrons. Typically, gaseous helium-3 contained in glass tubes
has been utilized in conventional scintillation devices. The scintillation devices are typically
coupled to a photomultiplier tube to generate an analog electrical signal based on the production
of the charged particles within the glass tubes. These types of conventional neutron detectors are
bulky and not well suited for use in field operations requiring compact and highly sensitive
devices. In particular, the helium-3 filled tubes are delicate, require careful handling, and can
indicate false positives when abruptly moved or struck.

With the advent of solid state electronics, it was realized silicon-based semiconductor

devices could be used as detectors for detecting alpha particles resulting from an (n, alpha)
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devices. In particular, the helium3 filled tubes are
delicate, require careful handling, and can indicate

WO 20080880051 t i ves when abruptly noved or struckPCEAUS1904/032556
the advent of solid state electronics, it was realized

. si.l.icon-based sem conduct or .devi ces coul d be used as
reaction JU RGO COPV G BEHTTIY, L) SoaPRi AP BEO} el PDREY Rth roe
standing?ddnt&ter #iRICRhE DEi1Wb HotetEER @82 PO VIS de€ Tt is more common

material. I'nitial denonstrations of such a concept

now to uiied filmeef enmaedi¢rmyatenahpdaced in ¢aitacs witharelgporitad directly upon

; il.icon detectpr suc s .a PESTdiode. It is re .
semicongisrntRerdtio: & BT 1501 Fis Rk BrCloR D pipors alffonp e chemica
reactivitloB @RdithilnC@babhdyMot 18adfo sHERESIcteRbrdifé.eGhdayerUiFe Ras been

senm conductor detectors. Lithiumnetal has been used

obtained with epimpoynds pbEthiumg speibisgHFt hbard weyftaline metgsial. \Berpn gfetal has
it hi al t t t t.ect
i b Bt BT IPflnt G L 8ol SRLL RSB RER BYEH Blcope

Semicorduttor Wausoe Destokd ”FD. 9 MeGtgor et AKI R AyearibGanhmal Ray Detectors
Boron netal has al so_been apgg ied directly to silicon

and ApplisgtiqsdV, Brogeedings A P TRe¥el #634H288#)Thi n- Fi | m Coat ed

. . .
RGP RAL S ML IR, BENAE D doRides AETTSTAR] s b drawbacks
and limitation®r Dloemtkirmg ook 18R] &f atMalcoolkd SdodedO Ryrecidiiie, amdeonfequently it
o i ode structures, howeyer. in neytro tectors ha .
s diffegly & BRI, T8 s S PR AR ETOFHE Ferbe) Regrons in
the surrGlRIdRE &V €A tylicQiddRaRB/HAE 2 iifdSerhitotRIRIR T yRP iwhRAGharges are
consequently it is difficult, if not inpossible, to
collectedyernd s mot|sensitbeecdngnglu froddtes singlegfeutiom eants. t Glaargesl liberated by

neutrons in the.surrounding area. A typigal diode al
gamma {8 aig Sl cofleaff e ek SR tir i Y, e igEess gpptibute o
the non-@ehtt@Gices, sigiatlof the defec®ensi ti ve enough to det ect

single neutron events. Charges |iberated by gama rays

Mete rapanplyci hpsbaca@roppseh that prerioyislyi consideret! disafyapsrge of
. i - t i .
smicordlofEAPre R SERUBRRLIL L8 BaL A5y ARSI R L Sion
Memorypeadlp hsedtriditdnadlyreen i ‘leuddned ¢ ogemnsd exdeation te pokwant ages afduced by
nmenor, | s be turned into a advant.a%

. .. sem conduct or y cel .
radiatiogy ﬁqf%?te é’E‘POEtﬁlcﬁé’éﬁ?%HHB‘@?’éfdﬁe&HW fwéksmree&ly apIsgial  for

many ydafGdithd faalor ¥olRpRRrs, BALGRNAM spaGaniBat A 24HialdrPMdh&d bit error is
prevent errors induced by radiation. In fact, the
known asraofiteanoc & thé aentéd memory/cealisubsaguentlheespdnsle to weidel¢dngmands. In

ot SGRESE 6 G T HE R 5 kA P e e

of the m@Alo®Y cdlSark MR cice. BSRhbrdeind b ftictrotd e RhHWE b SinBRMIEM upsets
cel | subsequentléar esponds to wite conmands_ hi

(SEUs) envinglg svent erarsi (REGekpropided that o pingle iReraning pertisleindyces the error in

[ [ t . . S . ) )
T T
can be u8¢d Mrapasitivelkinoivar wsdesdchedeation enéntsips eingpl{ Hioidring the states of the

single event errors (SEEs) provided that a single
memory; G¢lEni ng particle induces the error in

Attempts have been made to utilize commercial memory circuits with a neutron converter
in order to use the SEU associated with the memory circuits for neutron detection. For example,
boron has been used in the semiconductor industry as a dopant and in boron containing glass as a
passivation layer that is used to encapsulate a finished semiconductor chip. It has been

demonstrated that '°B in the dopant or borophophosilicate glass (BSPG) passivation layer is
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the nenory cell. The error events, which are

detrinental when trying to maintain data integrity,
w@2mws50887used in a positive manner to detect raPCHUSZIN/032556

events by sinply nonitoring the states of the nenDry

S. Att ts have been de to utlb ze.commer ci al
responSﬁ%q%r gensity %@rwtt f ngu @ﬂoeo Reer Espetipenipldayestigation of
ThermalSBut AR IndEbt PRSI IFEBAMEt th stasc E{ggagarﬂ AThES Wlérﬁoﬁé%” Y. Arita et

neutron detection. For ‘exanp has been used iIn
al., Jpn.t/hApgke Rhyon A6 (20d) pp Adab1lF. Asccaddlgb)a mropasels havebmeen made to coat

o A8 PRI e A it
first ancpﬁéﬁl c&’eﬁ'ﬂﬁé"&ﬁ HitBQ Bohdt chRvbilerd1Bgerd @RS NPat&t 6,075,261 issued to

orog h03| icate glass (BSP pa33|vat|oq Ia er
Houssaingt @ p@ggmtﬁleé NentrewRsterting hepigonduaten Pevies éselasenone such

di.at.i o | _lnves t|on of . Th I
attempt e A PE T porteRiona AL OMRRlR mop S Sk R R
wherem%ﬂ@ﬁﬁm%i@a[ﬂt @fileria¥is obhiell @vert a ednved@idhal JlashApPhoryRitysce. These
40 (2001) pp L151-153. Accordingly, proposals have
efforts tg dlate, haweverd1ave sasuliest wrinsasive deigeiors mHARMIE RseAusathedoron
convers?b%srﬂéx?t\glg?ll‘ighgt][lf)%&%‘ﬂ)(glﬁs Jﬁﬁ E:Ootj’[olltg a \Lé deﬁlﬁcfe léal/%? Ic11ue tobthlck overlayers
used fomntevmrmedstldnamd relectdicl isblatiemt Thys) Zli»hﬁ @ﬁ.rticm aad lithbum ions generated
Houssai n et al nd entitled t.ron Detecting. :
by the baEAH GBNERIANGRAPRA CEw! GPAEHS @é@kﬁ“ eshange @1@ ﬁgteveac%evwe layer to
cause at'§EUL Zi ng a conventional sem conductor menory

structure as a neutron det ector, wherein a
Inetiew o thesahov g nt wordtl deidasirabde toquowide ewemicanductor substrate that

anvent i onal ash neno devi e efforts 10 .
interna RSB0 hnehle S CorERRR U 1 R bR R4 B dhpgpuction of
a neutradl defBRtibh el 6S BB ck Bt RGPS HEQRBY BF FrhSile fBELErIHAEh VItaB8d, is not

| ocated cl gse enough to the active device | ayer due to
sensitive f gdauge spdigtipas.ds pelegnsibye forthemead maises s yetdp gensitive enough to
I I al pha particles and
Imnnntﬁ%?ﬁ%ﬁh%?gﬁgigg%%?a Igy t he boron conversion
mat eri al cannot generate a sufficient charge in the

) active gevice | ayer to cause an SEU. In view of the
Disclos SR1ELS d be desirable to provide a
’?ﬁéﬂn@@ﬂ%ﬁﬁr@%d&'@%ﬁl@&rﬁiut:ﬁ?tsuﬁsﬁraﬁ:r tA&Y 1hé’orb&%&'é Q%@%&?c&vers1on

neutron conversion layer, which could be utilized f
layer (sudheasphooehut&®), whichfcan ba euhzadrfOtI t:hewodlmtlod eﬁ ] meutrdnatetmwes device
not. require the.puse of. fraqil.e bes .or vol t ages,
that docf or{sFe i GE e e Pl v 1 P SR R
radiatioh®) i$ AGTsBRMiti VEOto $srmialhoi¥es but ?et $§§é‘ﬁbf‘tﬂv¥ en®pRUE Bertndt the counting of
pern1t the counting of single neutron events.
single npytseil @lifse of the Invention The invention provides a
u 0
%g 2 %/t‘(r;c%g b% { %lgccgnrl%l%?tté)a gl%b%tr&g% Pfo@f&%ﬁ?ﬁt%ﬁiﬁ aié] gcrlf]lttl‘{) e§%m1conduct01r
device laydrl (i@ dhicbrdetives pidodtenits o bflt)aa basdt substraig tag ¢isuliting layer

.. device : . .
provided between the active semiconductor device layer and the base substrate, and a neutron

conversion layer provided between the active semiconductor device layer and the base substrate.
The neutron conversion layer is located within the insulating layer, between the insulating layer
and the base substrate or between the active semiconductive device layer and the insulating
layer.

A barrier layer is preferably provided between at least one of the neutron conversion

layer and the active semiconductor device layer and the neutron conversion layer and the base
3
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that does not require the use of fragile tubes or high
vol tages, is not sensitive to ganma radi ations, is not
W@ e0vsiss7ve to thermal noise, but yet is sensitPEEUS2004/032556
enough to pernit the counting of single neutron
a sem conduct or. substrate is

substrafE 501 et SHGHOR Rt bR ER S TSRt b eoreeon
converdiéRyer{ i Nt 0 whi ch devices and circuits are built), a

base” substrate, an insulating |ayer provided between

Fiwherca plveality of conehiecmay beldvined i d}ﬂeﬁctlﬁﬁ genihendyatoe device layer to
create 1 og &5 rrat% agl negsterg I cgi&u shon € ror\ﬁ E d in at

BRtRERERE B & SL8nd 6N P GRUYIOH Laye ah B formed in a
least onewﬁleamhésabempﬁwe deeidé E@i@ltﬁ/ﬂ:?ver sion Iayer s

| ocated within the insulating [ayer, between the

i kustigted) eayhedinagnis, thenayiren cemtsssipmiayeninchydeseasantlewhich
Vi S iR
et A4S SRS R B NG S0 UL i
elemenatloda&&ism thnsctiot sérhieondudtsralevicotaser.si on | ayer and the
actjve sem conductor device . layer and the neutron

Agdional dstpils spd pdvandpecs ot @5&%@@8@1@ wall Beqogneanpatsent to those skilled
in the aﬂ'nfn fvﬁﬁ’ S E‘olfo@ﬁn%&é&ﬂ&pde% RS ]tﬁ%fe%reﬁ %&anHfﬁY%n‘{isegf the
e neutron conversion [ayer. Furth a plura
1nvmﬁumf trenches may be fornmed in the active sen1conductor
device layer to create isolation regions hi such a
case, a trench neutron conversion |ayer nmay be formed
BﬁefDegxﬁhoﬁgﬁﬁkIﬁﬁ@hﬁé the trenches to inprove device
sensitivity. the illustrated enbodi nents, the
hee tm@ntl@bwﬂbbesdqsﬁnbmrﬁh reforenctce corioprefemed ebediments thereof
form al pha particles and
andﬂwa8$%ﬁzh¥u§ Q?ﬁg reg% mﬁth el ectroni c device
Bl MeMiistrated @aletiflon senbifive ICH isMisstiae inGoEGHIGice willey fifs€ embodiment
| ayer. Additional details and advantages of the
of the ipéplAm;i on wi || become apparent to those skilled in the
Pl 2Ry R e o il L L P B L el Pridufioh B0 Rrsion layeris
provide@ésneatlptheomLﬂﬁtmgﬂeyeD' awi ngs The invention will be
d wth eferenc to certain ﬁferre

b
Efboal RS b RabBoRIEn Gt & zEE R BRHIch dcheion ganversion layer is

providedhdarieh Bfthgln%ulal.mgll&}éﬁ rates a neutron sensitive SO
substrate in accordance with a first enmbodi nent of the

Frey énllustiates Rifgrther préfeied pabedimant ismitueh aphiralsy of tselation trenches
are fomllepdvi%%el gcrtllve ger%'oﬁ@ucttorqaye?m ron conversion layer is

Fig. 5 illustrates an embodiment of the invention in which only neutron conversion trench

layers are utilized;

Fig. 6 is a graph illustrating the Qcrit for unhardened silicon memory cells based on
feature size;

Fig.7 illustrates an example of a device for use as a neutron detector in accordance with
the invention;

Fig. 8 is a plot of the Linear Energy Transfer (LET) of an alpha particle from boron-10
traversing silicon; and

Fig. 9 is a graph including limiting values for liberating charge in the active

semiconductor device layer.
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provi ded beneath the insulating layer; Fig. 3
illustrates an enbodi nent of the invention in which
WO b@5088119 on conversion |ayer is provided on tPEI/US20041€32556

insulating layer; Fig. 4 illustrates a further _

preferred enbodi nent in which a plurality of isolation

trenches are fornmed in the active sem conductor |ayer;
Modes iéir@an‘&nigl(l)tushehtveﬁtuaﬂ enbodi nent of the invention in

ch onlyy neutron conversion_ trench I;éers are

Hﬂﬁ |apalé0&tlomsgrelaeed. tg the ptensarpliqation eatitl ‘Nehlémt@aeiqc_tibm Device
and Megﬁ%g.%?%ﬁﬁcﬁfre” QNn ryer‘%?hbsld?é%ggﬁl}’ggﬂ o?n ﬁétgb%l 2:2003.

ustrafes a e of a _
Fig. 1 ilhmstrates A nel@tecseositive S@o‘, smh“sd‘ated@ 1Wabd$brﬂzi&fbelvﬂtlﬁd’\1§ﬂe%ed embodiment
.of the Linear Enegg%/lr Transfer (LET)

of the 11@169%9}18% ﬂgmg]alpt 1| le HESHHIBR pRIISIVE sabalFaie h@mcludes an active
semlcor§1'ul:ﬂo§ %ﬁ‘hcoﬁf‘ge\}: éﬁgla%/& 125 2% a@ﬁla' l'a?ﬁ' Mdhl??q\;gfaﬂhé 198 16, a neutron

val ues for berating’ ch
conversmrhayﬁm dau@b@tond bmelalyayzﬁ aﬂdbad@e {(©ilicdg subystrate 2utAd Widl be

ity AR SR SRS AEL S A R en
element hERdin gfmd\@(ﬁyfc@HQ%@form@@Yﬂ 1R ablive seﬁﬁfzérﬁiuctupdevme layer 12,
10/ 693, filed on October 20, 20

which nay) geserely eange foaui tml@é)rmn i thecksas s’lumnsuéatmgmer 6, for
exampléaﬁgédr’1 d(ﬁg)? e %gh?cﬁﬁte? 5%(11‘1&(5 ox1del [@@%é%ﬁ{ef;{?ﬁ ]E}éﬁg qs\ylée active

semlconﬁ(ﬂ:toﬁ lalysﬁ Tafrem e barelstliten sﬁlihtr@tétzzl eTHeFeseaNibifioR sensitive SOI
con) device | a top barrier layer 14, an

substratg ﬁsftweﬁpmgonw@m&lgohwhétmt%dﬁ thasheraition coayssion Byeml8 is
prov1de@BEtW3Qﬁ9f3 Hlﬁ{;\ selnﬁxgl{qu%{%a gg&ei?éf;‘ go d W&ﬁ sre)sﬂ%’c%g% bs?ra?e 22.

rea e rence
Assh»oemt llndhg.l 1, 8@ neatroh chmcetmmelayeﬂ E&israemaﬁy tdcated Iv¢1ﬁ11raﬂ1@ silicon

eI ements (includin cel are formed
dioxide iy i THE PP YEOT R EOTRIIEY 31| SABOELY B s Brondt D g e
thicknesd @8Rl Foma3980 5000 T bbRELR1 @f@abﬂ v@}lm ﬁﬁ%ﬁ&o gElSrate alpha
insul ating layer 16, for exanple silicon dioxid
particleaddithivgt iess thabeatise dleoticaleef{eBEM) eteatronielcerctitsi andlchymt elements.

mhe o Pt 1 58 LSO kBB AR e

111ustrateIBé)@IrIp|164 areyfobvided st pravent tid Boesrs 10 ﬁ@me%ﬁﬁ&ﬂédrﬁf@ﬁionﬁ‘g’er 18 from
ubstrates in that the neutron conversion |ayer

dlffusme i thectpssmigenduRier deviFy Bysikd eshile bmsﬂwmsubstnasw@ Those
skilled it ?heaﬂ‘gwhhﬁ)p?%ﬁe ok tA8cFURSE B Rufibn conversion layer 18 in close

proximity to the active semiconductor device layer 12 (this meaning in direct contact with the
active semiconductor device layer 12 or separated by it by an insulating layer or barrier layer)
makes it possible to produce highly sensitive neutron detectors by forming memory cells within
the active semiconductor device layer 12, as the alpha particles generated by the neutron
conversion layer 18 are well within the range of the active semiconductor device layer 12 and
can produce sufficient energy to cause a SEU in memory cells formed therein.

The neutron sensitive SOI substrate 10 is fabricated by utilizing modifications of
conventional SOI fabrication techniques. The process begins with two silicon wafers on which
the barrier layers 14, 20 are preferably formed. Oxide layers are then formed on the barrier
layers 14, 18. The neutron conversion layer 18 is then formed by depositing a neutron

conversion material (for example a borosilicate glass film containing boron-10) on one or both of
5
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As shown in Fig. 1, the neutron conversion layer 18 is

actually located within the silicon dioxide |ayer 18.
wab@s088119 on conversion | ayer 18 preferably i nPCT/USR04/032556

boron-10 and has a thi ckness generally from 500 to

(fOO n The. b -10 reacts with neu{ ons to _generate

the oxidg laye %FW@}V@ QUiTeR coRY T B Mkl ot semnleberends) is
t&f &Gdiﬁﬁ ddnR) 6 bR § G|

mplan he topS ba?rl er aSé%efﬂ 12% ﬁgﬁggt taom t%r@%ﬁg&f&atogether

such thaz the rmutme patmeysnsn laiyenotB ml@crateden ithe aeinter |0fthsesctonammd substrate

st SR P e B Sl BB A uhher .

One of 16 kili¢6n HRIErE @a@l us:i Héndl’@thé@ ah@ihefefdrd iRd1ddsHBe PAS Gilicon substrate
silicon substrate 22. Those skilled in the art wll

22. Thexpheresdliconevalpras thineed todemmn Bie agtive srnipenducton deviaw kiysi bh

9475 o5 336 pRETA s bR SR e rpipag o o

as the n@Arfvnahv#rksion l:me 18@drhaifs BRIIbRPRACRIBI G0 @lﬁa\/elc@ﬁe kidy e lader 12. Fig.
or separated by it by an insulating |ayer aor barrier

2, for exagyplg, llyshREes anm@eégmq@rf & vhicht O r:glh\rﬁym% ket 18,4 provided
beneath@ﬁéjﬁl\%@%ggn on uiItn ?fﬁs devi ¢ g%n dyer Eéf’z'ff@as %%%gﬁg%smd ona
handle yafet incd @mvgnﬁmhfﬁ@ﬂni&yuﬁhtnnngpmcm aﬂomoen«s iwraferj (aywhic]h&n

....are wel]l withip the e of t sem uct
oxidatidgy s foupe s Ben P pchmmale ulier 15 stgen thinned
to form BRURBvE s dhciR Mike &8kt B2.f niiRdy! ﬁ%r k3 hl[hstrﬂé? a further

neutron sensitive SO substrate 1071 s fabricated by
embodiment in zvm@l o aetr e dny ersionflaysy A § espiowiigt o8@bp of the insulating layer

. o RS S0 B A RSB v

device fRoeitied ﬁlﬁh&’ aétﬁfe@%ﬂuco@&h&@r deayRrsyerr e, the eybe sTRBEorPEorveRsion
barrier layers 14, 18. The neutron conversion |ayer 18

materialj eyl post thedelalvadirkarssengf the Featsretpidiv diesdeyire structure.
}g%ﬁt%g Iﬁrﬁ#ro(/&gér}tg ﬁf‘%lﬁgﬁy g%{e @%éréh ?}%X?l{l(‘% or];ﬂlA f the neutron
conversioa)mzltsmal,%ﬁ)escﬂaﬂdnvteérmhed foemetkimtth@active rsvmlcsmdﬁbtﬂf&ie@[dealhyer 12.

exanmpl e boron-10).is i | anted or.djffused into
The usefof Sofihcn Pese SernieatudprgFPio e creafeisg PR reaia 15 well known.
Fig. 4 1191%&9@9atﬁﬁ*9%§ B%fe%&nﬁdﬁheﬁtnﬁ V\’E%l'ltef Iﬂﬁra‘l\'l@}'ﬂgﬁ%&'ag&h {r8YeREs 24 are
is located in the center of the conmbined substrate
formed ¢ m ﬁha ettinessemageaiduetnddévideddydyd Lwddn sides obthiedeentlzmg @ sire coated with

titu the ting | yr 6. e..of t.he
o rench AR G b Rt U2 B R dmp B hitim R SliGipibto). The
remalmhgﬁ?dnﬁdﬁ Sf tHeardRase 28 dré 6Bd Sith $id @ueror SonvdroR fARirial (containing
icon wafer is thinned to formthe active
boron-1Q)i¢i feHR AGET Y coapagision treagl fayers 30; tAsyith theeneytree petvsosion layer 18,
[ re.r
the neutlforIpilob R RASre2l0 doRerbAInS b B bty BleF al £ ons
which ciewriffests imelettaissl dicoit :elﬂﬂé;&’rsff@rrﬁéﬁn&ﬁé a(\tﬁfe&‘;gﬂn(ij@)ﬁ&udt@ydﬁnce layer
12. Fig. 2, exa e, Illustrates an_enbodi nent in
12. It viphh pe Hm?eﬁ%towéma? 5 EBReE (o2 B0 Pajead mgombingigy Mat@idhe substrates
illustrat ﬁ]qugé’] otfag sl nsul ating layer 16. In this enbodi nent, a
on- 10 enriched filmis deposnted on a
Itis further noted that the use of the neutron conversion trench layers 30 alone in

combination with conventional SOI substrates may be sufficient for certain applications. Fig. 5
illustrates an embodiment of a neutron sensitive SOI substrate in accordance with the present

invention that includes an active semiconductor device layer 12, an insulating layer 16 and a
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handl e wafer in a conventional SO manufacturing
process. A second wafer, on which an oxidation |ayer

WO 2005088780, i s then bonded to the handl e waf erPCT82004/032556
second wafer is then thinned to formthe active

e su P HENRSIF LS, LGP are e Ei s o s

device lawr\llerahlddﬁclhc&ytﬁé n&ﬁrdrﬁccﬂb@r‘éioﬂ&ﬁ&n@ﬂ 1dyeRs 3. ThRertain instances, the
insul ating |ayer 16. The specific substrate ch osenEP

alpha patighey é‘ﬁllt VitBaRFusionoRY ergep disach yetsd Orajqre rody Iammde gufficient

.. devi it ' d QL dev
SenSItIVﬂg. Tﬁﬁ 16%‘[&%#?&1? lédﬁntl(ﬁﬁ%fg}g ds\él ?0 ﬁﬁ Slél%@tl %é; la%eﬁ Ftrate isa
convenmxmal S@é dubsanid. Alveordalghy, |th@pltlllﬁb@krﬂ6§1$ €5t oviel Borlva¥E6ra] devices is
red |€mthe devi ce structure. Further inprovenents

simply the 1 q%%‘ﬂ%?li PUthE Jeuteon aaversiondiraah yersddn der aerches 24 t he
Tﬁéj Mb@ﬂ'at%Q Hﬁ@ﬁﬁédoe{l‘)o%ta a‘?ﬂlcdéﬂ' Cyowleﬁ 8\!11?etd' BF Itodﬁaloffsf neutron

__formed in the active se con evi ce
sensitiv§ batic samdom dcsesk a_teinmmds (BRAMS) to be aadi as oG d)ertedﬂ@‘gl Tas

tqut ?ateislat|?n¥E i ons i Il known. Fig
susceptipflfty of FigoLy GeViess i 8F Ugpeeasip sheg BFRERT Y Fi ﬁtusmfiéw rgany years,
and has PR dnYinPbrtdr® Qhatitp Balldaane Bﬁﬁcai?r %hﬁfgg %_(Eaﬁtze?hé QCI%HH@ the amount

active sem conductor” device | ayer
of chargeraem@megv cell nasé acroatudate Wi oﬂdeatOtprednmer adhii eteor? 6t s dor been known

that findy! 11?1{}) ({ggaﬂp%% 11':;ee\g1éi§ﬁsl 1%9}%-12 torsé}?gl]elhtfeﬁ%n% {:]g%ﬂqlaF@ hofldmg capacity,

and thug foesnelies QeAt R Bightd deddityvhickh. &eﬂ@é&t [0 BrapR MMREa#i P he Qcrit for
mat eri al (cont ai ni ng boron-10) to form neutron

unhardegggh §iEP BNMOREIRAE brssdamsieaiore siee inishewe ieFige6it Byrocating the
neutron %8@0’6%13 ef BV c108pr *epu%ﬂﬁn@et? ERU%Q Qé’rﬁfc? Q:éotgrdgglge layer 12 in

l'ayers convert n Fon a par
which nidndr eeil elenents\ate fohne@,tsa&ic&érft ehmge icin Bé g&iekitédby the alpha
ment s the actijve seni conduct or

t. el f
particlesrpriied 5y B Tseton ik AOSORRHERLRe BRIOTHE: t e
tiEeNahastsan e%hr%?lebﬁ aURSLeifdr l%@'a% fr%?d%ét@r t’J';l{%r upsirate

substrates illustrated in Figs.
employenhnéble tlhvatratechexampde isfthe bemnauthe subsctnatwiﬁnsirmd 1hr13€g101h For the sake

ot simp Bl ey e SRR B o s e e piohEsd Bifkbe
cons1derEt1 gnen50rbl|cblll glefn@h® 3 20t HHTBH hJ¥B Bkilled ifthB @KW ecognize the memory
sensitive SO substrate 1n accordance with the present

cell elemweﬁ inshde Hhose piguitelementa ohan SB@M éﬁ’iflc@n@mall(yrfonmd inghe

wive sk L DSH 5 88 L B R0 SRESE RS B muri

layers oﬁmtquwdewﬂfmadjomdrm]ﬂe ateiwie eanio@nemadﬂde&m la}ﬂ.ﬁ |lg dent bGhecessary

neut.r.on conVﬁIrésn on trench | avers In certain
to form p Morlipg devics. Hin sqmgicanytiongl qwa thg agtHie saminopductor

device 1‘59&\’1@@ LAl %@%ﬁ?ﬁuékay&éc%r(ﬁgéﬁl %,gg)afﬂ% nfd’f‘ﬁfﬁsqﬁtlon the active layer

ficient sensitivit
will be q@amdcl@d tab¢ %Qaaayhlt:]o in ﬁhp Iesaraple 1llmratdzﬂan kﬁag @ su bst rate

@Qconﬁﬁ(gw SO SE s{Irate Accor di
o P ORPISTLRTS RoBiren e dedtheribsr 13 is much ess
than the $zhrf@|o)f tﬁé@pﬁd’tﬁak&kﬁé@ébn@fatécﬂﬁ tREHRR BRMEDR 18Rr 18 S0 butron

layers 30 1n the trenches
conversion trenches 28. Only a fraction of the alpha energy will therefore be deposited in the

active semiconductor device layer 12. The relevant quantity then becomes the amount of energy
deposited along the track of the alpha particles, i.e., the Linear Energy Transfer (LET). The LET
of an alpha particle from boron-10 traversing silicon is plotted in Fig. 8. It can be seen that the

LET varies from about 1 to 1.5 Mev/(mg cm?) over essentially the entire useful energy range of
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The substrates described above are particularly well
suited for production of neutron sensitive static
wo andoss7arcess nenories (SRAMs) to be used as PETURZING/032556
detectors. The susceptibility of menory devices to SEU
i n_general - has _been extensjvely. studied fo .
the alph Bayflcle: ARPIAGS Ao BTN ac AR0) DO EKIE: GUAnar P Chrragy deposited
in the acttlk}g séiﬁﬂcbh(ﬁﬁtor‘ﬂré@fcl Eaylef P ifdrnormiiEnéXénde (the chhgre W Whdrease for
charge a nenory cell nust accunulate in order to

non—normabmden@ With g@ﬁteépathllﬁngﬁ@sthm@ﬁg thecactive gidien tayet 13)i dde amount
of energy Irr%qulugp ?@g}dFViR%rflbb\e@r%&F 3?%% a@n %e%ga?i;ﬁe &l (ﬁaﬁ%& SSciet @alculation of

Cosmic-RER Th@lce@SbiUTsefs ARl $aglingiandiSnDevecesr \E. TeRdteresn etAﬂ IEEE
graph illustrating_the rit for unhardened silico

Transacmrw@@@a@cm% SO0 ReEI82) HDOTS- ﬁ%\ﬂ?ﬂlﬁstmt@i exgmple, the
encrgy iS2! s%é{v )gﬂgné p%aﬁs le,g L8 %qag%ﬁgpga?myseae %?itédlqn(ﬂllé)&%é/e layer at

proxi-m I've sem con I ce
normal inBidehdech nmenory cell elenents are forned, stlmem

charge can, be generated by the al pha p es
HESULRERPYBYE T4 doileaoa SRR P89 FBoRdR o Smimgvatygs for

hberatm%%g%e intbhe detie denhicbitfilcl R laevicE hyBX AP indri &Y 'tlfeealpha particle

Se as a neutron detector. 1he substrate eénployed
produceilwitl ke at dlinest amt prntar tsptageciosy irhelicae: sipplytas amount of charge

ST ESTIO R T T o
placed ﬂeﬁﬁ@ﬁ b&ﬁ)%r&&{ woanm gwal 315r6@ﬁb’émi—‘1§1a 2hrivdléd subRci& NG cARE SBU in

menory cell elenents al t hough those skilled in the
conventmntalS\ﬁ)IRAﬂ\éé’f@gQﬁllzbé t he rrem)ry cell elenents 33 | ncl ude

h
B3R bAC = TSR SuflneR R, SRR btanc it

present ﬁiv%ﬂhdiﬂéanﬂﬁ%zf:@fn 4 haricspsLapplicationtp) est bye mteblt- Ia?phcatlon isin

multiple |layers of circuit levels for over é
the areaqgf pjopitosagihedrmgeariitionof cagol dheion Sopdiat Rt &raw of a neutron

detectorg@ é%?lﬁ%\r/{ %hé%&%?gmw&hfé%%%ﬂé §€any! d2s2Q Buration to be performed

evi ces e active sem conduct or
withoutdiéfficaley, laapettery 2ife sarovd g1Ph® order bhyedts. Accor di ngI y, for

'g E%grg?léggsefg’m&i{fﬁqﬁﬂpﬁfbg ﬁstefi\ﬁgr lé\)(za’gﬁ%ﬁ)rv\l,lags for Ruclear security

concernb binds i t@dspottatibBl: Fdr exhiplel @Dulldink bk Ghdessa Odn Bdi@strumented
typi cal active sem conductor devicé |ayer 12 is much

with nelitemssenitive SR@M aﬂgsersofDath acquisifien qarpreceed drgeghesaigoayn, as above,
throughcao\ﬁl\;ggssslnn(eg: J ﬁgwﬁn deci% Iun%gtﬁ n%%e oq'k nheutron

FPASETON of the al pha

TR ¥ntidnl ﬁas'b@@r[ eésefibedbwitt @e{fa‘éhécﬂd deftainfp@efagtd w@bodiments
sem conduct or devi ce Iager 12. The rel evant quanti

thereof.t Hmll@@@aﬁ@rgtopﬁéwﬁysmt aéﬂnq@aféiawnmrﬁo\saﬂ@ewsa%ﬁasﬁwnhm the
scope OE.F{ éHde{l IBE.??L pﬁ',ﬁr @%xfp'lé: faﬁgc}]mg SRAg\?tcl!i-ﬂgii‘i?@%lg@ﬁp@éd to a

single- sim:ﬂmﬁutl& $emaivior SRAGV S0 Ipradimoe & Ssapﬂwtdhé densor, FilgreiB thel denter layer is
can be seen that, the LET varie out 1to
the conygatgr 582@4 cBils aEg prfidedionyt TR ]E}?éﬁﬁgvology
for mulgglg QQCQ&E 2P BB PR dr6tifouitdRR é’lferdgy bbgs®ndndirhted t Qe
nm t ness gl ves a range of energy deposited
“Electrical Integrity of State-of- the Art 0.13 pm SOI CMOS Devices and Circuits Transferred
for Three-Dimensional (3D) Integrated Circuit (IC) Fabrication”, K.W. Guarini et al., IEDM

Technical Digest, IEEE, (2002). Further, the invention has been described with reference to

silicon memory SOI circuits, however, other semiconductor device types may be used to
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in the active sem conductor device layer 12 for norna
i nci dence (the charge will increase for non-norma
W0 p@sagsTee Wi th greater path |engths through tPer/asionyes2ss6
silicon Iayer 12) The amount of energy required (in
. Me berat ch n pC be c ul ate
fabricatE SerhidBfnciprai G TaeT etttricd ey eRIn Ben Bt PO Goiaepsitized
with on&ea i@ ploRiny Peutest EiRSrsionEnbterifl8 i1 hcORIBEe Wth 4£heI 15551t10n to
Transacti ons _on Nucl ear Science, NS-29/6, Dec.

make nQEEL dsgectqrer Stith &rfher. dhe inxyerttbneir applimited mestféWeR@M nype memory
[ ue, of. abo ocoul oubs
dev1cesal§uto%§g/?i‘§8 %e\fﬁ@gpoq‘atg? in gthFr t})//ges ?m%gér&aq%chg dence.
Flg 6 can now be replotted as shown in Fig. 9 to
include these imting values for liberating charge in
the active sem conductor device |ayer. As shown in

Fig. 9, the al pha particle produced will - - at al npost
any point inits trajectory in silicon - - supply an
anmount of charge conparable to Qrit for a 0.35 mcron
line wwdth SO RAMcell. In other words, the

proxi mal |y placed neutron conversion |ayer 18 wl|
produce al pha particles sufficient to cause SEU in
conventional SO RAM structures. A neutron detector
constructed utilizing a sem conductor substrate in
accordance with the present invention can be utilized
in a variety of applications. Just one notable
application is in the area of nonitoring the
transportation of cargo. The | ow standby current draw
of a neutron detector (using SRAM technol ogy) all ows
integrations of any desired duration to be perforned
without difficulty, as battery |life can be on the
order of years. The neutron sensitive SRAM can
simlarly be used for nobile or tags for nuclear
security concerns other than transportation. For
exanpl e, a building or wide area can be instrunented
Wi th neutron sensitive SRAM sensors. Data acquisition
can proceed through satconm as above, through a
wirel ess network or wired tel ecommuni cati ons networKk.
The invention has been described with reference to
certain preferred enbodi nents thereof. It will be
under st ood, however, that nodifications and variations
are possible within the scope of the appended cl ai ns.
For exanple, an additional SRAMcircuit can be applied
to a single-sided neutron sensitive SRAMto produce a
"sandwi ch" sensor, wherein the center |ayer is the
converter and SRAM circuits are provided on either
side of the converter. The technology for nmultiple
stacked | ayers of silicon mcrocircuits has already
been denonstrated. See
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"Electrical Integrity of State-of-the-Art 0.13 mm SO
CMOS Devices and Circuits Transferred for
wabesesDinensi onal (3D) Integrated Circuit (I QCT/US2004/032556
Fabrication", KW Guarini et al., |EDM Techni cal
L QeSS , (2002). Further, the invention has been
WHAT s EAMIP I 1

reference to silicon nenory SO
¢j Acdtticondbererytsiratelcbiprisiapi conduct or devi ce types
may be used tofabricate sem conductor-on-insul ator
gy semipopiycien doyigdayarhen can al so be
DEMrARssensi tized with one or nore proximnmal neutron
conversion’materials in accordance with the invention
oinsaldtng Rt movided detiwaes theSictivd sdmitédiRktor dBGce layer and the base
invention is not limted to stati cRAM type nenory
substratgedfidces, but can al so be incorporated in other types
2 hed R v%%hQ%éer %Tdéd%e%h@a&ti%e sdmidBnductor device layer and
sem conduct or substrate conprising: an active
the basesmrstciaduct or devi ce | ayer; a base substrate; an
i nsul ating |ayer provided between the active
sem conduct or device | ayer and the base substrate; and
2. RehfiQMGABY QIb3IrAR o BMRhedhQdided WiRIUR ﬁehﬁoﬁ%ﬂz%%ion
. sem conduct or device layer and the base substrate. 2.
layer is Joogtediveithwe thetiosulatiigsteyat e as clainmed in claim1,
wherein the neutron conversion layer is located within
the insulating layer. 3. A sem conductor substrate as

8| Al sgRtconduetbBdubstrate\Wh 6Tafhéll h@riMely WiRrbis tRMRUEHP Bonversion
| ayer is | ocated between the insulating | ayer and the

layer is peated bgtyeqep dpceinsulating loyey andribribaso substigt r at e as
claimed in claim1, wherein the neutron conversion
| ayer is | ocated between the active sem conductive
dlexi semidoayectonsubstrite ak okithal inrethitnay @herddn thd neutron conversion
1 } iperri ﬁ?)gductor substrate as clained in claim 2, wherein
ayer 1s [pcgigfl bpRyecp Hheactive SHRICOPARAY Ve de iereldy it anddhg nsplging fayer.
t he neutron conversion |ayer and the active
sem conduct or device | ayer and the neutron conversion
$-apeemagendudier hbsimats abslaimatdan cBimA, séweteioabacicotayer is provided

syhstrate claimed in claim3 erein a.barrier .
beweer 155 iosil Folibonigetn ToM BueaHE GrhinBehut faice love
and the BRI Bh O sioa Y&fer and tHelRs@gibkyRe.sen conduct or devi ce

| ayer and the neutron conversion |ayer and the base

substrate. 7. A seniconductor substrate as clained in

| @i m 4 ' i l-ayer (.S provi bet ween .
61X O i 45 B R B
betweergat fl¢agoreastfithoneiohaond@yion ¢aylefyeY the active semiconductor device layer

and the neutron conversion layer and the base substrate.

7. A semiconductor substrate as claimed in claim 4, wherein a barrier layer is provided
between at least one of the neutron conversion layer and the active semiconductor device layer

and the neutron conversion layer and the base substrate.

8. A semiconductor substrate as claimed in claim 1, further comprising a plurality of
trenches formed in the active semiconductor device layer and a trench neutron conversion layer

formed in at least one of the trenches.
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and the neutron conversion | ayer and the base
substrate. 8. A sem conductor substrate as clained in
w@b@snssr1o further conprising a plurality of treCOs®04/032556
formed in the active sem conductor device |ayer and a
trench neutron conversion |ayer forned in at | east one
of the trenches.9. A sem conductor substrate as
g.| AiseRAcdnBuctbBdubkBate byl EhLiMEId iGN S ifeheR cbﬁnﬁﬂﬁﬁg a trench
insulating layer and a trench barrier |ayer forned
msulatllt%lameamdtartéﬁmé% baraigr tayer Homodbetivegn trayady neiran cowy et leger and
e vih,ce layer. 10. A sem conductor
the actiy¥ %hﬁga%g&‘gga%‘ﬁ% lngcf inclaimz2, further conprising a
plurallty of trenches fornmed in the active
sem conduct or device |ayer and a_trench neutron
Ho i spmiconrdycigresibsterteragclpimediin P&%ﬂ dthep popprasing a plurality of
trenches foFETGhe pltve RRRTLAANGE0ALe SUSRIR BnB pl B TEfgon tver
formed anat least oenafithdaendhes. | ayer fornmed between trench
neutron converting |layer and the active sem conductor
device layer. 12. A sem conductor substrate as clai ned
m &ls8infBoRdudidl sub@faté ngmearis c?auﬂll'@r RlrfnkY chprt sﬁrgw&fch
formed in the active sem conductor device f yp
lnsulatmg‘ lemmandemangh bamiey baysi formbdpewetn traedh nauirah coeasingdager and
the acti he tdr etnch 113 A sem conduct or substrate as
cac 1vqs§%oal uﬁoﬁleé”?ﬁ ﬂer further conprising a trench
insulating layer and a trench barrier |ayer forned
bet ween trench neutron converting |ayer and the active
Ko i semingaduntorabsteate pyglaimed in clam e pirthsn eropraning a plurality of
trenchessfltﬂur a§ ﬁ{tﬁe Q?tl\{%lr enc %dh&gl?érireg) dﬁ!@ lgyfirfaﬂﬁ q eqlclg Rémlrolnséloﬂvgersmn layer
ﬁmmcdﬁﬁﬂﬂ@mndMﬂﬁuhedexmee | ayer and a trench neutron
conversion layer fornmed in at |east one of the
trenches. 15. A sem conductor substrate as clainmed in
jaA%Moon&m(mﬁﬁstsa@@psraém iff cfaf ﬁ?hﬁirt'i‘éf‘&ﬁﬁeﬂ g@ PY&Ich
and a trench barrier layer forne et ween tr
insulatmmlayqrrcamd(admneln bamlgr laygieformedib¢tiveemtrenohenesroi camertitgdayer and
the act Iat A sem conductor substrate as clai ned
cac Wenseg’ll%ﬂnﬁ]u or@ﬁYé‘?eelF‘}ﬁethe neutron conversion | ayer
i ncl udes boron-10.5 17. A sem conduct or substrate

rising: an active semi conductor |ayer; a base
Ky b4 semicenductor substrate as claimed in claim 3, further comprising a plurality of

trenches formed in the active semiconductor device layer and a trench neutron conversion layer

formed in at least one of the trenches.
15. A semiconductor substrate as claimed in claim 14, further comprising a trench
insulating layer and a trench barrier layer formed between trench neutron converting layer and

the active semiconductor device layer.

16. A semiconductor substrate as claimed in claim 1, wherein the neutron conversion

layer includes boron-10.
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an insulating | ayer fornmed between the active
sem conduct or | ayer and the base substrate; a
w@bwsags7ty of isolation trenches formed in theP@UB2064/032556
sem conductor layer; and 10 a trench neutron
gpnversion I%yer foEned in.at | east one of the
b7 e GfRiconquetor Rubspic SMARIYY substrate as clai ned in

&l Rt ddmicbhduchRlaye@pri sing a trench insul ating |ayer
and a barrier |ayer forned between the trench neutron
aloaso substigle; | ayer and the active seniconductor |ayer.

a%lgnéll.\a%t’é\n SLI%X . rﬁﬁﬁgﬂeﬁ%ﬁ%ﬁg tffxgt?&leesegl‘?co%ldﬁl«i,t&eﬂy«!g;agglltf?ei: Dise substrate;

neutron conversi on

LHlRlitE 6Sisblatiomtrdhthe? rmAd irethb aetivf serdcuniiactotiTaysg aad
sem conduct or substrate conprising: 20 form ng an
HEenohacyBR GGy B Ny lastyme of hedeenshesst r at e;
form ng an insulating | ayer between the active
sem conduct or device |ayer and the base substrate; and
I8r Aisagicandwtérrsabsteadnzeclsined ih alpan 16efivberconipeisagt 4 rench
. .sem conduct or device | ){)er and t he gase substrate.. 25
insulatingylayey and a barrier layer formed between the trench neutron conversion layer and the

active semiconductor layer.

19. A semiconductor substrate as claimed in claim 17, wherein the trench neutron

conversion layer comprises boron-10.

20. A method of manufacturing a semiconductor substrate comprising:

forming an active semiconductor device layer on a base substrate;

forming an insulating layer between the active semiconductor device layer and the base
substrate; and

forming a neutron conversion layer between the active semiconductor device layer and

the base substrate.
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