NEUTRON DETECTI ON DEVI CE AND METHOD OF MANUFACTURE
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With the advent of solid state electronics, it was realized silicon-based semiconductor devices
could be used to sense alpha particles emitted resulting from a neutron converter material in which an (n,
alpha) reaction had taken place. The role of the converter material is to convert incident neutrons into
emitted charged particles which are more readily sensed. When the emitted charged particle transmits a
semiconductor device, it liberates charges in its wake, and these charges may be collected and used to

sense the event stimulated by the initial neutron reaction. Such devices therefore serve as neutron
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respons1gf3 ?Mer?sﬁlzﬁlg a circuit to neutron radiation. See, “Experimental Investigation of Thermal
Neutron-Induced Single Event Upset in Static Random Access Memories”, Y. Arita et al., Jpn. J. Appl.
Phys. 40 (2001) pp L151-153. Accordingly, proposals have been made to coat boron on a conventional

semiconductor memory chip containing a passivation layer or to first remove the passivation layer and
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which are detectable by the charge-sensitive elements when neutrons enter the conversion layer. The

location of the neutron conversion layer in close proximity to the memory cells increases the sensitivity
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Additional details and advantages of the invention will become apparent to those skilled in the

art in view of the following detailed description of the preferred embodiments of the invention.

Brief Description of the Drawings




that is fabricated as a sem conductor-on-insul at or
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alpha en’?inritpg&&?émitters, or electron emitters, and may also be utilized with other charge-sensitive
device structures such as dynamic random access memories (DRAMS), other types of random access
memories, non-random access memories, charge coupled devices, charge injection devices, or other

memory device structures and substrates.
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neutron device structure Fig. 2 illustrates the
wappkiooard on of a bondi ng | ayer to the conventPOIEE2004/033686
menory device of Fig. 1 and the renoval of the base
substrate of the conventional nmenory device of Fig. 1;
Fig0l ilidstiakds u&bm&ﬁt&mltSTmMmidmw dmlcefformedl enld 8ODsubstrate. The SOI
on .t he ex
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and circhit gemehtd & the dhtu@pbensitiveiddvicat Eh@addh@n@%ﬁ'udturﬁldayers for e)_(ample may
include ]IEFCQC%%%%F ]Edeéss L r:lsg]gt?rggflg)?easo anﬁ/olr']g tlogﬁ%?rggit $ %g aty rFe%_ g-éeesé
addltlonﬂfstracnura] Ipyeds aﬁtafldt filtisteatéd i retald €or Itllﬁcsbbspﬁ" sb@ﬁﬂﬂy oﬂlﬂus.tration, but will
. ual
ey B kOB BT L i R e e

additionslerhanadugtthatl fémﬁthe ciMoid esudnae lagar ]r8yé gegeally nﬁbi&greater than the
active segg%/ﬂ% %cé()rq%yﬁr gj?r 11? f?xg Esﬁé{él}ﬁnlg%eﬁ J[ £l52 s%dbglﬁpgﬁ 1nc1ude a passivation

layer zolqumdreaimmgstﬁcth&uweom.Conver SI on Layer", having U S
a 1 / 93, 846 I
N N e ML S
neutron c@wveision ldyat onltbp bff tkeepasﬁvauemtalymmm ow mmblvmg thegpaedivation layer 20 and
coating tgxlg %%uzrﬁ E:grﬁfg{sm% T onctgé{)ilgtge g’l%%é 8 c?(%er% erq%nk{z)ngg%,r{ge range of alpha
particlesrlilnmtédd"ﬁsn arendivh lbexwwmwemm amh a hayxten comersionmtquabofmmmtryple the

a L Ve BE m condu c a;
isotope éf)rog 7 Omfigutg % g 8%1‘av81(1:tt10na ssgntl ly glacel'gﬂfxeqneugon converswn layer

too far foenthe amnfel sdndconden@rlayec, .., lbdyomhﬁ’le rappd @lithe dlpte particles, resulting in
|nv§ Hh90. 4 WI|| bedscrlbed V\Athrefere ce to
pOOI‘ S€ S ea

8§/ent vento npel%f:es a neutrgbconvergw{l Jaygrin c}otse B\ﬁurmty (either

directly bae:omad@nﬂatan @ﬁ¢chh@m@dgment tb hawilt lealesonbel) to ha a¢tse nobiconductor layer

o limt t he.s i fi.cal.l ment .
12 withgh Bt g P oL s BGEL R A B B GRRR R e e
18, as wﬂl@cﬂeb:eibc@a:ﬂdwed WI t h ot her seni conduct or rrat eri aI s

oroncand rum ma as may
conventi®nal tsmmpmdugtpmnamrse mmqeewf She tme lblllseetled orfig ﬂn ﬂ“hfelvcmﬂmg i‘ader 22 may

be a thwﬁ%}gox@l (g's JuQ %né%;!alnbl%?ﬁ%at% Eégd ?ot E}%dec Ql%'é&gmgﬁ QgﬁneEtYo% to the wafer for

processing purposes. As also shown in Fig. 2, the back of the wafer is processed to remove the base
substrate 16. Lapping or similar mechanical removal processes are suitable for removing an initial
portion of the base substrate 16 while leaving a sufficient remaining thickness to protect the insulating
layer 14 from mechanical damage. The remaining thickness of the base substrate 16 is then removed by
a chemical removal process such as etching with etchants such as hydrazine, which that stops at the
insulating layer 14, or by a timed etching removal process with etchants such as TMAH.

Once the base substrate 16 has been substantially removed, a neutron conversion layer 24 is
applied to the exposed insulating layer 14 as shown in Fig. 3. Sputter coating will produce lower thermal

stresses in the circuit structure layer 18 during the deposition process, and, for fragile circuits, is



devi ce structures such as dynam c random access
nmenori es (DRAMs), other types of random access
WOorRees/076739 non-random access nenories, charge POUPEm®A4/033686

devi ces, charge injection devices, or other nenory

device structures and substrates.Fig. 1 illustrates a
therefore omargfiot émm@]e }Sg!ﬁdbinpaamrqmrmvdimréfenrmm foagila ciSﬁlitg. Prior to the
applicatzoglbrﬁ%& ﬁan 8Pn\1e1§,10n layfﬁﬁ arrlrflzg gapregtrilg k%ég %Z?{%?lpl%%hljcgne nitride) may be
deposﬂe(dr te b&wme diffusiorasf the 1hnutrme cbrmxnsrda niaBOX]’ i)lto dhechcvdxasi@onductor layer 12.

This proc%?s nilsgt&s ﬁﬁtjtg?]léeu Prtl conve %o\l}é ygrh é%oc:gtgcg 1é1lc o%eggrobl%/rptg&ﬁ? ﬁqg active
semlcom]luetmelﬂyﬁ 12 Ulf Besirsd, (afl aﬂd]‘dmnal glatsllity tegpm(nyt sh@dm) suchis apexy may be
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enrlcheil W}th g?f{)? ; ga er. rFqué { ndnsy atl{]% éyegﬁglba Bregeélﬂ %otr eJ\(Fénple a
neutronGenietsion Iﬂjel&ﬁ%ﬁhiading Ia(])llildtne&tdf A Stricahs hralyee figsplafigy layges ddrpiving a
clude. i nterconnect |ayers, insulating |ayers
thlc}mesﬁr%lzgdq o0 B P ¢ g? ircuit elements. In Fig. 1, these
&Babebirt dootaialing $atyens ;:Itounreaér ]mry elss beﬁn@la@ﬁi dit'ebﬂlymi diléoe diodes. McGregor
et al. (c%?dlt ﬁ%ove? gave s cgnvevr(]: aéléca 1 ablg if erXSCOI(% he r?ciulrgzi ﬁ'lifi? léanboe achieved if
prowsxdnif;tﬁtres]s&ehef is mcﬂ;.ldndlt Rk Weﬂk‘imewe Ithat biradilidateegldshi{BIPGY Ssonbatible with
apptcat PRy A PSS i g R Rl R bRl En e mse
with 5%aledrovie ssreﬂasdkmdmﬂ:ttmg ldyaymanﬂlalso rthel neuitdme:onmdrﬂhyen 4 may also be
applied dlrgc(:t"lly t‘ﬁée actlv% semlcc*n%%lcr’%orq%yef 22u|a \{Vn lljllc':ig% Fa éafr/ %Pro:vl}gompounds or
composF?roevmawaiscdteMt s at utilizing conventional nenory
Vi ¢ have ntrated on c athn eutron .
SRS DB RSN A o ST, 2B bBLsp i goctve snd
has beennsed énseusiting diddﬁ, patdss g@m‘aﬁ}’l shoatgead sisomlifel. B@&tabhg a sthlde material or
composity OH {10?1&? g]gf Xﬁg gé %@plk%ears th%rl]leﬁt?cﬁqec%gvergq i0h lgjlfe{' S)F or, alternatlvely asa
second paxtrbn @dnes'ﬂemiamréd fomerhozer el r@ntrcbstonmnorﬂeyﬁr Qéa asshawd in Fig. 5
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f’[%% stge%qh ﬁlgr%f %Ho Q; {5 %%ﬁﬂﬁt Ql{e ah ?i eoreer}é(‘tens V?l?f studlied for many

e-ran e al resu
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in contact Wit
finer lithagirdphigdinel wsithsilézd dg smadlet éndls,de sinsiter s@lmh@ugm Uazldlng rapagipe and thus to

d
smaller bt%ny\fo ﬁgl%% dfy % ngxlhb gl\?\l?i ees d %{T%Qélﬂgu%{aﬁﬁﬂgb&*t‘% hardened silicon
memory epjlebas¢Bon fa@tumnsm lstsbomsld?lg e dBybedating thiRadugron pwgenamwlatvq 18in
close pljgklgmtg%o th@aé?l%] g%nﬂ&nd@éf&r la}%? 11 f \x];ﬂl%}ﬁ%Trﬁ&g kélf“gentl Qltsaarél\ﬁ];rgcrd

i ni ng one “convent m conduct or
sufﬁmemeqhmg«ycaaiéwe lgwra(ﬁd bytike dlptpepaiticles ptodaded dy ihe ifférgcetibn of the neutrons with

the bordlOfddi ng layer 22 may
In the case of the device illustrated in Fig. 3, the typical 200 nm thickness of the active
semiconductor layer 12 is much less than the range of the alpha particles generated in the neutron

conversion layer 24. While the alpha will now reach the active semiconductor layer as required, only a



be a thick epoxy (as just one exanple) that is used to
provi de a nechani cal connection to the wafer for
WER@SOHETNg purposes. As al so shown in Fig. 2,rthestnaebs36s6

of the wafer is processed to renpove the base substrate

16. Lapping or simlar nechanical renoval processes
fraction &f tRe &lplha @bﬂg@ whld thefefit®be degositad inthé active gatidontict@flayent? as it passes
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Dimensiogal @D)Imtygxaieﬂ 031mmCCICpEHbﬁtﬁoh i, KiWuGuarlnii &thail. LIHDME Tedhnicsl Digest,
ﬂ)i th¥x {leatﬁtlve gl . . o .
IEEE, ( Og). rther, the mvention has been described with reference to silicon memory SOI circuits,

however, other semiconductor may be used to fabricate semiconductor-on-insulator RAM circuits and

then can also be neutron-sensitized with one or more proximal neutron conversion materials in

accordance with the invention to make neutron detectors. Still further, the invention is not limited to



has been used to sensitize diodes, but has generally
shortened sensor |ife. Preferably, a stable materia
W@er00sONIesi ti on such as 6Li F may be enpl oyed aBCT/082004/033686
neutron conversion layer 24 or alternatively as a
second neutron conversion |ayer 28 forned over the
static RARM g@& mReMdEyT R Ric€QbiM @firfd]1 i bel iddoaForalél ia Siistngyes of thaFdegensiiive
and 6. The al pha particles emitted by |ithium have a
wemory (g8 range than those emtted by boron. For this
reason, the use of two neutron conversion |ayers
provi des additional device sensitivity. The
susceptibility of menory devices to SEU in general has
been extensively studied for many years, and has
reveal ed an inportant quantity called the critica
charge (Qrit). The Qrit is the anobunt of charge a
menory cell must accunulate in order to produce a bit
error. It has |ong been known that finer |ithographic
line wwdths lead to smaller cells, to smaller cel
charge hol ding capacity, and thus to smaller Qrit for
hi gher density nmenory devices. A graph illustrating
the Qrit for unhardened silicon nenory cells based on
feature size is shown in Fig. 7. By locating the
neutron conversion layer 18 in close proximty to the
active sem conductor layer 12 in which nmenory cel
el enents are forned, sufficient charge can be
generated by the al pha particles produced by the
interaction of the neutrons with the boron-10. In the
case of the device illustrated in Fig. 3, the typica
200 nmthickness of the active sem conductor |ayer 12
is much less than the range of the al pha particles
generated in the neutron conversion |layer 24. Wile
the al pha will now reach the active sem conductor
| ayer as required, only afraction of the al pha energy
will therefore be deposited in the active
sem conductor |ayer 12 as it passes through that
| ayer. The relevant quantity then becones the anount
of energy deposited along the track of the al pha
particles, i.e., the Linear Energy Transfer (LET). The
LET of an al pha particle from boron-10 traversing
siliconis plotted in Fig. 8. (The initial energy of
an al pha particle emtted by a boron-1 0 atomis
approximately one and a half MeV.) It can be seen that
the LET varies fromabout 1 to 1.5 Mev/(ng cnR) over
essentially the entire useful energy range of the
al pha particle. Applying these Iimts to a 200 nm
active sem conductor |ayer thickness gives a range of
energy deposited in the active sem conductor |ayer 12
for normal incidence (the charge will increase for
non-normal incidence with greater path | engths through
the active silicon |ayer 12). The anmount of al pha
energy required (in MeV) per |liberated charge (in pQ
can be cal cul ated. See "Cal cul ati on of Cosni c- Ray
I nduced Soft Upsets and Scaling in VLSl Devices", E.L.
Peterson et al., EEEETransactions on Nucl ear Science,
NS- 29/ 6, Dec. 1982, 2055-



63. For the illustrated exanple, the energy is 22.5
MeV/ pC giving a val ue of about 2 to 3 fentocoul oubs
walessid7ed in the active layer at nornmal i nci dBO/ES2004/033686

Fig. 7 can now be plotted as shown in Fig. 9 to

include these imting values for liberating charge in
WHAT IheLAMED &8:sem conductor | ayer. As shown in Fig. 9,

the al pha particle produced will - -at al nbst any

point inits trajectory in silicon - - supply an

amauettraf deehdsmgRvicoomagratke to Qcrit for a 0.35 mcron

line width SO RAMcell.. | n other rds, .t.he

B BB RSP o e BT G eVl e

p hediod eordkepiva 1per Iotaddas cloed protiinginto thememuseeBEU i n
conventional SO RAM structures. The resulting

structure will be referred to as a neutron sensitive
Pandetr@cestomndnpe ys dSNRAM)claiA 1nfarthérenmplédiecindnsulating layer

oot PSR I PISPTR AN il B 1o

application is in the area of nonitoring the

ot AT Elith st R s Ao oGy B pos <P % tocuted

betweerl thé Rgitrad t@nearsioh layeyand ériaciead semicatductor lagerbe per f or med

W thout difficulty, as battery life can be on the

order of years. The invention has been described with
“eAafeen@adcteoti@eddvize is aimbe inrddmemybaeimtrtitarichbyeebmprises silicon
wi || be understood, however, that nodifications and
variations are possible within the scope of the

appended cl ai ns. For exanple, an additional SRAM

Seratteretbein 4% potnde § R Trake Tt SLson e
comprisehboreent er | ayer is the neutron converter and SRAM
circuits are provided on either side of the converter.
O her stacking geonetries may al so be used. The
t6e dhmeotragdetdetion davict apdlamsd andkaoh 1, efieeis tiefnestrdn coversion layer
rim%ﬁc{rg(ﬂiicﬁt%gla}ss has al ready been dermpnstrated. See
COmPISe PR IR > ' ntegrity of State-of-the-Art 0.13 nm SO

CMOS Devices and Circuits Transferred for Three-

2 RSP 3Pl DAL B b S GO s

boron. (2002). Further, the invention has been described with

reference to silicon nmenory SO circuits, however,

ot her sem conductor may be used to fabricate

Se i cocludtastiorndevica suidlaitmed inRANInCl, whereingheansdtranheenvessen layer
includeé"‘fitﬁ%mbe neutron-sensitized with one or nore proxi nmal

neutron conversion materials in accordance with the

i nvention to make neutron detectors. Still further,

th A ﬁeﬂ%gﬁ]%étﬁ%ﬂoﬂ §evﬂ:? bs J:lé)imea ﬁldcléig‘lslt Afrtn &M‘igiﬁg sedsHiHediron

évi'ces, but can al'so be I ncorporated I n other types

conversirh Igivafogeedsie psiximniteto theraotive sdmicondstontdpd S CLAI MED | S:

1. A neutron detection device conprising: an active

sem conductor |ayer including a plurality of

dRaAgeutseniictciionadeviet hssclaimpdin claim 9, wherein one of the neutron conversion

layers comprises boron and the other of the neutron conversion layers comprises lithium.

nitride.

11. A method of manufacturing a neutron detector from a memory device, wherein the memory

device includes an active semiconductor layer, a base substrate and an insulating layer between the active

10



a neutron conversion |layer located in close proximty
to the nmenory cells. 2. A neutron detection device as
web@soead79 n claim 1, further conprising an i nSECHUB2004/033686
| ayer | ocated between the active sem conductor |ayer
and the neutron conversion |layer. 3. A neutron
semicorﬂ&ctt@dayeomddha/bases@straaﬁ &ienmhddmombming 1 f urt her

€ r%n sugs%rage layer % ooCa eevgce 0 e Pet: 1h Sul ﬁayer and

Eé’?’l SIO TAVer anY ﬂ é%etr?\% ST Con rnlf% J

formgnengtitranrcoohet Sot layen onl G el atisg 1ayea rred in claim3,

wherein the barrier |ayer conprises silicon nitride.

5. A neutron detection device as clained in claim1,

WA eA aiethot] bémaefidtging amammnsiietactoi fagten nmnnpr deses abdsimad in claim
11, furt%%c?%nrr]ﬁ%% rﬁ%&m%ﬁa%b%gr%ercgerdoer € 18§]u %n%ll er Cpé‘lr% ronfglér%mg H‘?e néutron
converstoaiaysi.| i cate gl ass. 7. A neutron detection device as

claimed in claim®6, wherein the borosilicate gl ass

i ncl udes 5% boron. 8. A neutron detection device as

GB ah method f mhmjfmuikingNmeuttainrdetebter ﬁmnla mmoqodwiw 8¢ elfimed in claim
11, further XO&]ilpé]!Slrl’]lC lé(yrmm sgforrﬁd ileutrfon C{)lﬁ FSIO(?OI%f‘ o1l tl%ﬁ ngl}troggglgvﬁglon?ayer

neutron conver Si on I ayer formed in proxinmty to the

3% L}Ikcethggngcgnu 1ac mﬁ anf: tron dﬁt]éct\c,)\}] e?nélaﬁmtelgl(én cg slltcg(ﬁ:s clalmed in claim
11,whereauﬂwmutmmmme:smnﬂaybxaopmpssasbnqom ses boron and the

ot her of the neutron conversion |ayers conprises

[ithium 11. A nethod of manufacturing a neutron

diﬁt A(medwdfof mmdaquteimg laylemimmide’eg:tomﬂn@n e imerrbi'}eden'maas glaimed in claim
13, Wherel % fe Itrgrtl: %oﬁ rglr?g :Pal){ Ct%) 1ol ng 7 al%sgu?aq%%ia er corn%ﬁse’s bSron andethe second
neutronaQItVﬁnS@SMIC@mﬂ)uedSélthllllrayer and the base substrate, the

nmet hod conprising: renoving the base substrate |ayer

froma nenory device to expose the insulating |ayer;

a6dA fnethed pfmanuietirng a negrmeksctonirémy eremory deliige, wherein the memory
device 1%@3#% %% :icgg !eﬁ'%fc%gld?cg‘o%o i]ﬁ)/g‘l‘, %%YSE rgl;i})sgéts gl?d’]alillflgsqﬁallﬁné r[%% Cﬁ)etween the active
semicondhapmirykd andfthe bahesubstong tHesnetipdfcompiising: a barri er | ayer

: ) ) . t

R ] Sbu Y Bl B Rl B R e P n

freuingamedetneonersidr layer an theretivg schei¢piactaslapdrai rred in

claim

17. A method of manufacturing a neutron detector from a memory device as claimed in claim
16, further comprising forming a barrier layer on the active semiconductor layer prior to forming the

neutron conversion layer.
18. A method of manufacturing a neutron detector from a memory device as claimed in claim
16, further comprising forming a second neutron conversion layer on the neutron conversion layer

formed on the active semiconductor layer.

19. A method of manufacturing a neutron detector from a memory device as claimed in claim

16, wherein the neutron conversion layer comprises boron.

11



11, further conprising formng a second neutron
conversion | ayer on the neutron conversion |ayer. 14.
waesheod of manuf acturi ng a neutron detector PCDISZR04/033686
menory device as clainmed in claim11l, wherein the
neutron conversion |ayer conprises boron. 15. A nethod
7. ARBH BEitrhinufgufinghehiduton deediardiont 2 Iflérﬁdil‘y devieas rc;aimed in claim
15, WheiE P BT R PO SO R G AT R Ry Eoron end he sesond
insulating MyB dofiPSsed Gittin.and t he second neutron conversi on
ayer conprises lithium 16. A nethod of manufacturing
a neutron detector froma nmenory device, wherein the
menory devi ce includes an active sem conductor | ayer,
a base substrate and an insulating | ayer between the
active sem conductor |ayer and the base substrate, the
nmet hod conprising: renoving the base substrate |ayer
and the insulating |layer fromthe nenory device; and
form ng a neutron conversion |ayer on the active
sem conductor |ayer. 17. A nethod of manufacturing a
neutron detector froma nmenory device as clainmed in
claim 16, further conprising formng a barrier |ayer
on the active sem conductor |ayer prior to formng the
neutron conversion |ayer. 18. A nethod of
manuf acturing a neutron detector froma nenory device
as claimed in claim116, further conprising formng a
second neutron conversion |ayer on the neutron
conversion layer forned on the active sem conductor
| ayer. 19. A nmethod of manufacturing a neutron
detector froma nenory device as clainmed in claim 16,
wherei n the neutron conversion |ayer conprises
boron. 20. A nethod of manufacturing a neutron detector
froma nmenory device as clained in claim18, wherein
t he neutron conversion |layer formed on the insulating
| ayer conprises boron and the second insulating |ayer
conprises |ithium
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