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AND OPERATION Field of {he Invention 5 The preseny invention relates

* generally to sem conductor devices and nore particularly to senconductor
devi ceWtH{P§PTcel | s. Rel ated Art As seni conductor scal if{d/EI0$des,

I ntegration problens are 10 encountered which can affect the performance
and reliabj }4d 1 copd ' 1 AP, C ' (NVM
devi ces, Mﬁ%@“? ,a*ﬁyﬁ@aégﬁl‘?@ SImviei Qﬂzgﬁ‘@ menori es
(E2PROVE) these can include | eakage or | oss of the charge stored in the
menory cell's floating gate fromthinning of the device' s tunnel oxide. 15
Quant um dot (nanocrystal) technology is an area currently under

i nvestigation as a replacenent for conventional floating gates in scal ed

NVM devices. One specific appldiadithl 1H9&5sANoul arly isolated silicon
nanocrystal s as discrete storgge—gze-rm#sglﬁé—store the charge in the
floafing ga ' fﬂlé’hﬁ ﬁ]ﬂﬁ)ﬂlﬁﬂﬁ uces the
flogii ng 20 ggﬁeeﬂ%%g%fﬁie\’%ﬁé)ﬁﬁgﬁégg%grg c5e)§aekage t hat 6fr&élg*u tf:g’%‘ﬂr%gm
def ect spidieldlft HIEH‘W sOghiéonied ' _providing a | eakage
pat h fofﬂdt}ﬁ entcl re ng%l&hg gattg?a?ﬂ%eo#elfeect g:)e‘!%;r ovi de a | eakage path
only for individually charged nanocrystals. Typically, the charge | eakage
froma single -nanocrystal will not affect the overall ‘charge associated
with the floating 25 gate. The cR&kged ditt he fl oating gate nanocrystal s
can be used to regulate the conductivity of the underlying channel in the
NVM seni condAstsemmicdaductor statinpvepmtimiessimégtadtmmproblepst ate f | oati ng gate,
whi ch include 2 F AUG 2004' WO 01/69607 PCT/ US01106842

10 encountered which can affect the performance and reliability of

semiconductor devices. For non-volatile memory (NVM) devices, such as

electrically e-rasable programmable random access memories (EzPROMsj

these can include leakage or loss of the charge stored in the memory cell’s
floating gate from thmmng of the device’s tunnel oxide. |

15 Quantum dot (nanocrystal) technology is an area currently under
investigation as a replacement for conventional floating gates in scaled NVM
devices. One specific application uses singularly isolated silicon
nanocrystals as discreté storage elements to store the charge in the floating
gate. The isolated nature of each of the nanocrystals reduces the ﬂoating

20  gate’s vulnerability to charge leakage that results from defects in the
underlying tunnel oxide. Instead of providing a leakage path for the entire
floating gate, the defect(s) provide a leakage path only for individually
charged nanocrystals. Typically, the charge leakage from a single
nano&y_stal will not affect the overall charge associated Wim the floating

25 gate.

The charge on the floating gate nanocrystals can be used to regulate

the conductivity of the underlying channel in the NVM semiconductor

device. The two states of the nanocrystal floating gate, which include
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nanocrystal s uncharged and nanocrystals charged to an average uniform .
density (in electrons per nanocrystal) can be distjnguished by t Beb dﬁ&rw%
conductivity change in the nenory's channel which manifests itself as a
t hr eshwpd'l(?é@f’age (VT) shift. 5 Two inportant device paFfSRUBEYY84%r NvM
nanocrystal floating gates include the VT shift magnitude and the charge '
retention tine. The VT shift nagnitude between the uncharged state and the

har \ er .qf WY d

nanoar yEEapsEAR HhiChabd iia iaBLARRAR IhEEe 1o ERVERI WAUGEL®T PEL ¢
| ect r oiisp ®0ale @?p&tﬂ%?’ sttQB I &43 di
:bﬁ:i '[y. toﬁg'g{ectle?ﬁgn shi to‘]':%f SO c?é#ﬁ%%%%n%ﬁsﬁ@%iﬁfg %}%nggééfgﬁagrew?ons
stored ddhdi®ivi eﬁﬁﬁ%é §h th&ANEHEy's egﬁhgepmﬁeﬁlxﬁhﬁﬁeﬁsfi&feqf af &N be
significant 1 n rmanocrystals, and“oulonb charging energy can limt ‘

i nj ect ithfesHold! woltAg VL néldafe he nanocrystal . For a given wite operation

pul se, there Is a saturdation of the 15 nunber of electrons that are

accgmodat edd irhﬁoﬁﬁﬁ@ﬁévﬁe?araﬁﬁtéﬁofbﬁﬁ'w ﬁ&ﬁg@@tﬂ%@@ﬁh@ ?ai:ésj ected

i nto the nanocrystal, subsequently injected electr encounter coul onbi c

r epul siinolideothe We shifiahhpeltide hatahd clanps résmiomitne.t Ghé Vo shefk out .
Thus, the retention tinme of -the subsequently injected-electron(s) is S
r educednagihndé detweeh the ginchargadstate anddhetdliazkod Statetdepepdswon O art is
i ncapabl e of increasing a nanocrystal' s VT shift w thout adversely

af f ect iaveragenuimbeyeieleetronsinjectsd pssnaneteystal dhringetheawnitéystal . | r 2
F AUG 2004 WD 01/69607 PCT/ US01/ 06842 Brief Description of the Drawi ngs The
pr esenpperateoni drhe great¢niher averdge pumbenof eleotpdns stededpthe greatemt i on in

t he ac,com‘alanyi_ng figures, in which |ike references indicate simlar )
el Hventhe Vanshifta Muorepver, a corresponding ability to detect the Vi shift also -

increases with the number of electrons stored in the nanocrystal.

However, coulomb repuléion effects can be significant in nanocrystals,

and coulomb charging energy can limit injection of electrons into the

nanocrystal. For a given write operation pulse, there is a saturation of the
15 number of electrons that are accommodated in the nanocrystal. As soon as a

first electron is injected into the nanocrystal, subse@uently injected electrons

encounter coulombic repulsion from the negatively charged nanocrystal and

tend to leak out. Thus, the retention time of the snbsequently injected

electron(s) is reduced. Therefore, at a given tunnel oxide thickness, the prior )
20  artis incapable of increasing a nanocrystal’ s Vi shift without adversely

affecting the charge retention time associated with the nanocrystal.




5 FIG | includes a cross sectional view of a non-volatile MenDigy Eﬁ[\j“fﬂm
. that includes doped flogti ng gate nanocrystals; FKhG 2 includes aﬁ
i1lus ti f a band nodel energy diagram of prior j oS C
(undob;ég)(ﬁﬁg‘sr?gcr ystals; FIG 3 includes an illustrati Oﬁ]}fég{bﬁ@k and nodel
- energy diagram 10 shown in FIG 2 after injecting an electron into a

nanocrystal. FIG 4 incl Ll L S\ .eof) % ; ener gy band di agram
showi ng excitation of nergy band to the
conducti on . 5%6%{193; Lacl) 'l ustration
show ng an ?@g&fg%%%&ﬂggg‘g?g%ggﬁ e Pg\ggge%%anoé?tgs glrhd’sthom in FIG 4
after qﬁﬁm L O ' 1BEh| ' i9dPtBg an energy
band di‘agram o ﬁ?ﬁ:{e@a@%ﬂrﬁgﬁ%stgﬁﬁom :ﬂrll&eél%éé%ﬂda?tlgr atvvri te

oper atisqﬂ,iﬁg(lflbﬁgéﬁg’téﬁﬁmﬂﬁ:eci ate that elenments in the figures are

il lustrated or sinplicity and clarity and have not necessarily been drawn

to scale. FOFIG29 ifshitRE S croks setdGiid ivibw of a svevelatileemehes®nts in the

figures, may be exaggerated relative to other elenments to hel p”inprove the
under st@ﬁb@mgﬁmdﬁ@egﬂ%&ﬂ fleatifig @laté hanpeastals; i nvention. 2 6 AUG 2004 WO
01/ 69607 - PCTI USO1/ 06842 Det ai | ed (Eglcri ption A nenory cell, its nethod of
formation arFI(®r2iatiudes andlidssatiosed.a bamd MIWmemﬁmodi nent,
the menory cell conprises a first current carrying electrode, a second -
cur r entpriar any iintyirdie (tnddped pnamovrystals el ect rode, and doped di sconti nuous
storage elenents. In accordance with an alternative enbodi nent, nenory
cel | progradfiChg? isclades aplilluszation of thenbandgnodehedergy diagrash age of
approximately at least a first charge (electron(s) or, hole(s)) from each

y of 1@ he shepatiniFiGo At afterongecting agelechiaminios nanocrystal.
FIG. 4 includes an illustration of an eliergy band diagram showing

excitation of an electron from the doner energy band to the conduction band
of a doped nanocrystal; |

FIG. 5 includes an illustration show:ing an energy band diagram of the

15 doped nanocrystal shown in FIG. 4 after an erase operation;

FIG. 6 includes an illustration showing an energy band diagram of the
doped nanocrystal shown in FIG. 5 after a write operation.

Skilled artisans appreciate that elements in the figures are illustrated
for simplicity and clarity and have not necessarily been drawn. to scale. For

) 20 example, the dimensions of some of the elements in the figures may be

exaggerated relative to other elements to help improve the understanding of

the embodiments of the present invention.




10 Enbodi nents of the present invention will now be di scussed &bh .
reference to the accorrp?nyi ng figures. FIG 1 illystrates a cr AUGt 2Wal
view of an enbodi nent of the present invention that includes a NVM E2PROM
sem cHifoé?el7 devi ce 101. The sem conductor devi ce 101 PICI/USsamesaen

I solation regions 14 and portions of it formed within a 15 sem conductor
substrate 10. The sem conduct or device 101 includes source and drain

regions 12, a tunnel dielect rl::c é Iﬁ flogtl ng gate conprised of doped

A A g pmamg 1y i'meiéﬁ"de o \subst r at e

16T s 20 AordirLral i hdholt oiL gnd opere ﬂaltqrs sclashd:

Zﬁ;“l Si’ﬁle#&oﬁﬁ@p?%iﬁﬁ%&%&%ﬁo@ﬂéeﬁgﬁ&?a@mw&éf@s Bidsct 6oy ces. | %g

'SZ% St S e flecbioll, 3 eRoRf (e é%ﬁiﬁééﬂss#&%n b ccfmr@%f lm ch
l%Fo@EH%S‘f‘?er 10, el dipEitinb 38 Hchfo pRoints ifhoCotpl %@sh g stops
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di el eg&rsc@rdngsybrw(@aj fibm efh ifthediopedl ERLOMENTBLSSdtagesuch as silicon

dioxide (SiO Alterndtive dielectric™materials can include silicon

nitri @Qembgfgnl um oxi de (Hf 02), 5 zirconium oxide (ZrQ2), fantal um pentoxide
(Ta205), or the like. In accordance with one enbodi nent, a Si 02 tunnel %

di@! ectri chbed;mnts)ofrﬁ;bﬁ dmmvamwmmﬂbﬂ@w e digutssediwiahi on proces
0

Al ternative deposition s can be used depending on the dielectric
nat er reflerémeentp tepascompanying figures. FIG. 1 illustrates a cross-sectional

view of an embodiment of the present invention that includes a NVM
E’PROM semiconductor device 101. The semiconductor device 101 is
between isolation regions 14 and portions of it formned within a
15 semiconductor substrate 10. The semiconductor device 101 includes source
and dramn regions 12, a tunnel dielectric 16, a floating gate comprised of
doped nanocrystals 17, a control dielectric 18, a control electrode 19, and
spacers 15, .
In accordance with one embodiment, the semiconductor substrate 10 is )
20 a monocrystalline silicon substrate. Alternatively, the semiconductor J
substrate can include a silicon-on-insulator substrate, or any other substrate
used in the manufacture of semiconductor devices. The isolation regions 14
provide electrical isolation to active regions of the semiconductor substrate
and are formed using conventional methods, which can include shallow
25 trench isolation (STI), local oxidation of silicon (LOCOS), buffered poly
1.OCOS, or the like.
A sequence of processing steps will now be discussed that describe in

detail the formation of the semiconductor device 101, shown in FIG. 1. The
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These deposition nethods can include chem cal vapor deposition (CvD), 10
atom c | ayer deposition )( ALD), or the like. Chem cal vapor depd$ WAUGH 2004
"processes as used herein can refer to | ow pressure-‘ CvD (LPCVD),

at mospRE? PH6APEssure CVD (APCVD), pl asma enhanced CVD ( PETBpLesd2 t he | i ke.
I n one specific enbodi ment, the thickness of the SiQ2 tunnel dielectric

e SRR RITRE 155 DRSS b artre Lol 15
e e B L
E:oﬁ_st ;niﬁ}tjgﬁéi'g él&feéi EtIP?'Ice ngfé}h?s Cé'*]q o "e‘li(vgi(if)zi)s Adlernatove di oxi de

di ol oot Sieleaeftobla st RN S ARERRAIR hittupiahice (Ee), 2_3 the tunnel
amoroho eoniut GARERZRO0T B BT pcriofie (Taallon o5 s Kiks: dious o1 11 cone
deposi 1oy HaRfce Wit B Crib0RkAbar SO R Refchat Tivars olsda mon:
10 nm iR Rt védfot ARAEHRAL oI RSk, AR ler e a8 EBN T con layer

s in masdRd caPBE Wl Soh theld; tive 26 2004 WO
01169607 PO LARL 16081 Heeﬁjoe\&ﬁ?ﬁn%r?tﬁs'iﬁﬁielglaer‘r:ohﬁﬁﬁ%%@ﬁ’;}’eeﬂﬁ%é’ﬁPBQl‘J? rmed using

ot her rMitieseiddpositicn thethodR! ¢HR oM ' ' T al lium
arseni de, sil ip(?on carbide, sili conﬁ?%%ﬁ%%@h%%amﬁmrphous
y si [0coatomje tayardéposidps (ALD), (bmeflﬁké.eﬁlﬁéfnﬁ:a!%rag%})ﬂep% ofret hods, such
~as in-situ CVD doping during deposition of the anorphous® silicon |ayer or-
usi ng PORCEssps astuseddrereint ean defeodb lowgptdisuasOVDOISPCVD),

atmospheric pressure CVD (APCVD), plasma enhanced CVD (PECVD) or

the like. In one specific embodiment, the thickness of the Si0O; tunnel

dielectric layer is approximately 3.0 nanometers (am). Typically, the tunnel
15  dielectric layer has a silicon dioxide or an electrical equivalent oxide
thickness (EOT) in a range of approximately 1.0-7.0 nm. For the purposes
of this specification, the electrical equivalent oxide thickness refers to the
thickness of a dielectric scaled by the ratio of its dielectric constant to the
dielectric constant of silicon dioxide (silicon dioxide having a dielectric
20 constant of approximately 3.9). '

Overlying the tunnel dielectric 16 are doped nanocrystals 17. In
accordance with one embodiment, the doped nénocrystals 17 can be formed
by first depositing an amorphous layer of a semiconductor material, such as
amorphous silicon, over the tunnel dielectric layer. The amorphous silicon

25 layer can be deposited using a conventional CVD process. In one smcﬁc
embodiment, the thickness of the deposited amorphous silicon layer is
approximately 1.0 nm. Typically, the thickness of the deposited amorphous

| silicon layer is in range of approximately 0.5-1.5 nm. In alternative
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silicon | ayer. Dopant species (i.e. inpurities) can include Goup V
(n-type) dopants, such as phosphorus, arsenic, antinmony or the2lg lﬁ@q(qlg[]l, '
Goup | E (p- type) dopants such as boron, indium gallium or the |ikée .

dependin n_the 10 type of charge (i.e. electron or hob@puffegs{0 Program
t he flwgﬁl%ﬁw ate. In accordance wi th one enbodi nent, tf)e anor phous 1

silicon layer is doped wth dopant species at a concentration that
produces an average of at |east one dopant atom for every subsequently

formed RaARSAALMs theaRBphoReRiyet catbeddimedusingothsputtsrials | | con
ope

| ayer is w th phosphorus 15 at a concentration of approximtely 1019

cm 3 or 7suéhtz?$ ' galliinsereénide paluexinmm gajliviZrsphidpisilicen at ons/ cne.
After depositTng the doped anorphous silicon [ayer, the substrate is

anneal e¢aibideokiliddieniieieled oradhedikest al s 17. In accordance with one ,
enbodi ment, the anneal includes a two step annealing process. The 20

substrate i sTherashoghas siticosilagyercambe dopedrwith Innpaties ®Y RYAFEEY ocess
at a tenperature in a range of 700-900 degrees Cel sius_for approxi mately ,
5-15  sefqnethdds, puchuisdntsitwdVPdapingidurcag deposition afithe NS

amor phous silicon layer. The substrate_is then anneal ed %ggi n using a

f ur nace siliverlayey omusingsonaimplansatpen after depasHinZiecaoTRREHS xi nat el y
600- 800 degrees 25 Cel sius far approximately on}_gy:gogr. The &u ngﬁ?e)anneal
pr onot esiliegmizgsrorDopant speciss (hadmpuitiesran melude (Froun, e(ﬂr gr owt h
of individual isolated nanocrystals 17.. The i sghaiﬁg narlglgé#s&ﬁn®_have

o amEtSalds}t Iy 5.0 m?qs%h%m%ﬁgsggﬁ 011513(?5?079 c'TeO-Sg' o ddition.
appr oxi mat e .0 nm _In . . ition,
the spatypergepantsspchnas b@&%t@@%ggﬁ@a?%&?ﬁenggﬁéﬁggs rom .
approximately 4.0-6.0 nm and av S approxi nat el sultin
G0p0d nivpe of Shiares kuee e HoRay: JORNon g RpPa e diontiy gt teul ting
nanocrystal s/cn2 overlying,the tunngl i . i 5
nanocry%%%@aﬂ%%?&hm&ea%%%g@%%&ﬁ? 1E12) of the

with dopant species at a concentration that produces an average of at least

)

one dopant atom for every subsequently formed nanocrystal. In one
specific embodiment, the amorphous silicon layer is doped with phosphorus

15  ata concentration of approximately 10" cm” or, alternatively, a dose of
approximately 10" phosphorus atoms/cm’.

After depositing the doped amorphous silicon layer, the substrate is
annealed to form the doped nanocrystals 17. In accordance with one
embodiment, the anneal includes a two step annealing process. The | )

.20 substrate is first annealed using a rapid thermal annealing (RTA) process at a |
temaperature in a range of 700-900 degrees Celstius for approximately 5-15
seconds td promote formation of silicon crystal nuclei in the amorphous
silicon layer. The substrate is then annealed again using a furnace annealing
process at a temperature in a range of approximately 600-800 degrees

25  Celsius for approximately oﬁe hour. The furnace anneal promotes separation
of the amorphous silicon layer and subsequent growth of individual isolated
nanocrystals 17. The isolated nanocrystals have diameters that typically

range from approximately 4.0-6.0 pm and average approximately 5.0 nm. In
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phosphorus species in the anorphous silicon layer prior to ann Zé .
Therefore, after performng the furnace annealing,process, theﬁ @Jﬁ)nmﬂ["

- average, approxi mately one phosphorus dopant atom per nanocrystal 17. After
f or m nya dwmwedeped nanocrystals 17, a control diel ectri cPCEHYSM/06842% 10 wil |
subsequently formthe control di eI ectric 18 is fornmed over the
nanocrystals 17. In accordance with one enbodi ment, the control dielectric

| ayer i addiomdhpepaCy/Se ?emmgtthd isolatke] hayeorystls ¢y pistallystapges Heowont r ol

dielectric layer can be torned using other dep03|t|on processes, and can

i ncl udeapproxinitelyed 0-6d) nat #nd averages apphoximatehs S naie Thetrespltmg er i al s,
15 such as an oxide-nitride- OXIdeéhﬂ D)) filmstack, or the like. The
formati dapedahanberysialsrhﬂv&j& dBESitY tiig appmmtgbr dEdent i onal to one of
ordinary skill in the art, épl cal | the t hi ckness of the control

dlhel Ectnamﬂcgrﬁystr:]adS/&:m g?rlﬁgng I gHBREhE ‘Bhus, dbe elfﬂﬁl e typically the
t hi ckness of the contro ielectri |S|narane a i natel y
510. nangsTy| D ShamasTySSalslsu ) aproRiRat CHel2) eF i/
gl gl égtrlc |sﬁap2rox1 nat e 10.0.nm . Forned overlyjng th controltrOI
di el ect]P]i“éSPt@}'Bﬁ SP?@M@WQ“FMOH Wﬂﬂ@g@g’éﬂ@ntly used to form
Lgiezo. te@é&gh 9 enae;a“‘”&a Hiaatq dsaiin O.Eg‘?ﬁﬁ@%‘%ﬁ”‘gﬁh Pteggjgygi"'caﬁ?éih
oped in-situ with a p-t ant (or @an n: ing of the
type of® ‘é%'ﬁg‘é’owpﬁa‘é%’p Oﬁ 3d p@té@p@% %ﬁ gﬁgsequent
3[)? Conal Iy |%§8@§@%§bﬁ%ﬂ%§¥@&m% Akongiof @ﬁg%%ﬁﬁ@@ e
) ¢ atde Gl docEierfy foml e E88EOL R YR timed BiRT dhe | YL LY I @
| ayer, ik c%y&agg?e fh rdficRswithicie emséaﬁheﬂﬂcthet@émfolt&dlﬁtmct he film
shown

st ack accordance with 5 one enbodi nent, the patterned

film stagl issajfhﬁﬁﬁﬂedm depeiitedbridedhyer. Alternatively, the ‘control

dielectric layer can be formed using other deposition processes, and can

include other dielectric materials or combinations of dielectric materials,

15  such as an oxide-nitride-oxide (ONO) film stack, or the like. The formation
of the control dielectric is considered conventional to one of ordinary skill in
the art. Typically, the thickness of the control dielectric is in a range of
approximately 5.0-20.0 nm. More typically the thickness of the control
dielectric is in a range of approximately 5.0-10.0 nm. In one specific

20 embodiment the thickness of the control dielectric is approximately 10.0 nm.

Formed overlying the control dielectric layer is a control gate layer
that is subsequently used to form the control gate 19. In accordance with
one embodiment, the control gate layer is a CVD deposited polysilicon layer.
The polysilicon layer can be doped in-sitn with a p-type dopant (or an n-type

25 dopant depending of the type of semiconductor device formed) or, if desired,
during subsequent processing using ion implantation. In addition,

subsequent processing can optionally include salicidation of the polysilicon.



silicon reactive ion etch (RIE) process to renove the unpattergegl téqﬁgs‘
of control gate |layer 19 and expose the control ﬂXi de | ayer 18. Aﬁ%@

of the control gate dielectric |ayer overlying the nanocrystals may al so
renovedO 04iiP4oig t his process. The resist layer is then PERUSEHOE#RI t he
substrate 10 is 10 processed through a polysilicon reoxidation process. .
This process involves heating the substrate to a tenperature between

appr oxi whe &optdgate dayentuckiessis dypiallyom anurgn of approzioatelyi k50-he

growt h ,?%appr oximately 10.0 run of silicon dioxide on the pol ysilicon
control DL The pol ysilicon reoxidati on process converts the silicon

posi 11 bned Ee&&%t HaRSab 16 Sonel B3t {ricRetha Hhirate S qatened withn
nanocr i h”‘e B a0 prLe AR stk iﬁnb%péh%ﬁcé Ingéo} bS'%%%; nal

Lo gui diRe :%bﬁé%% By flernid i STar B Pl oing A fvationd ar eas. |
t“’ﬂ'eczmsiﬁ?o et £ eﬁqlb&it%fmq%éﬁ SRR R RSB | fl*”
Found isogtokeste day e M AR IRE b ol GRY Tt @‘J%&m«%@é@d’h 05 |
i 2??2?9%@62%%9%&%3#%%& 14 AR B B R S iy RO 3RGvell ﬁnsl"”t °
di el f th
ey SmgEaS pribSE The!Bsisllfyel T8 RalnVEtoR) il § enfﬁ%fevagﬁ%sehz
e sl MO i ikl TR Ul 1,
rel i abhehtiligahe sRbEhate e ﬁeteﬁfpérﬁﬁré PErweRH URbxiantly- 800 (CandY(00 ng the

patterned f| | m stack that incl'udes remaining
C in an oxygen ambient and results in the growth of approximately 10.0 nmn

of silicon dioxide on the polysilicon control gate. The polysilicon
reoxidation process converts the silicon nanocrystals that are exposed to the
15 ambient environment (1.e. not positioned between the control gate and the
tunnel oxide to silicon dioxide). Then, the remaining control oxide layer 18,
the oxidized nanocrystals, and the tunnel oxide 16 are removed using a
conventional oxide etch process. |
In an alternative embodiment, it may not be necessary to oxidize (or
20 remove) the nanocrystals from the unpatterned areas, in which case the
extent of polysilicon reoxidation may be reduced such that the amount of
silicon dioxide formed on the polysilicon control gate is approximately 4.0
nm. This thickness is consistent with values typically found in a
_conventional complimentary metal oxide semiconductor (CMOS) process
25 After etching th;e unpatterned control gate portions, the control dielectric and -
the tunnel dielectric are removed using a conventional dielectric etch
process. In this embodiment, the etch selectivity of tEhe nanocrystals to the

dielectric materials may be sufficient to remove the nanocrystals. On the
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portions of control gate 19, the control dielectric 18, the nanocrystals
17,”and 5 the tunnel dielectric 16, spacers 15 aqd source/drai&r’r3 rﬁ%‘_mﬁ,’
" are formed to produce the sem conductor device 101 shown in Fl i
spacerwOfy6987i on and t he source/drain region formati orPCGHESdOsRIZder ed

conventional to one of ordinary skill in the art. Al though not
specifically illustrated in FIG 1, the substrate can subsequently be
process

it BTN LR RS ER I PTG

' | i.t h.ot.h ' d [ 101. The,d d sil
L
oo R oA AR BT, Tl e
o2 PSR e % s TRIBEA L O NABBGAIE Y e, 1
013 OB R BEIQEATE) AL eReDs SalSouRl o B ShCnethablatg® o0

used byraetd tie St dRBICIEIETICE 16PSHoWR HEIGDENIhd YBlogd dash and i s

associ at ed conduction band (CB) 25 are representati of an i ndi vi dual

nanocr fisdnaation andethk! Rrfrb&drait R gidh foh®hion ABVoRSIdaRE dditvertforal

positioned between the conduction band 25 and valance band 24 of the
hanocr gsbak of oftitndigt skildnrtheiens AthasgdpibessstifichlyBheetie®in t he

nanocrystal val ance bands 24 indicate that tHe val ance bands are

conpl eFBBy1 thid subistedte ctancsubsedhentiytbe prtessairasing?onventispands a singl e
"y nanocrystal in the floating gate. t hough the injection and renoval of

7 elléct rimethqdto fotmantinte vl @icleztdcdLD) dayetiss inteseshmedts, amdpect to a
single ' 2 6 AU G -2004 WO 01/69607 PCT/USOL/ 06842 nanocrystal, one of

or di nzadditienal dewicereirenitry thas gantesusediin gopjungition with the

semiconductor device 101, The doped silicon nanocrystals 17, shown in

C

FIG. 1 can be used advantageously to increase the overall charge and Vo
shift associated with the nanocrystal without encountering the coulombic
15 repulsion problems that negatively impact the charge retention time of prior
art memory cells having undoped nanocrystals. This and other advantages
will become apparent during the following discussion with reference to
FIGs. 2-6.
FIG. 2 includes an illustration of a band model energy diagram for
20  silicon nanocrystals used by a prior art floating gate. Each valance band
(VB) 24 dash and its associated conduction band (CB) 25 dash are
representative of an individual nanocrystal in the floating gate. The Fermi
energy band (Ey) 26 is positioned between the conduction band 25 and
valance band 24 of the nanocrystals. The hatched regions 22 associated with
‘25 each of the nanocrystal valance bands 24 indicate that the valance bands are
completely full of electrons. The outlined element 28 corresponds a single
nanocrystal in the floating gate. Although the injection and removal of

electrons (or holes) in FIGs. 2-6 will be discussed with respect to a single
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nanocrystal is being used for illustrative purposes; and that. ot her
nanocrystals in the flogti ng gate w Il behave si m'}l arly when apﬁ)rﬂﬂﬁﬂﬂﬂé

bi asing conditions are applied. As illustrated in'FIG 2, no el ectrons have
5 beerwadd#sgéoro t he conducti on band for any of the nanoecyusail/msssz Ther ef ore
a neutral electrical charge is associated with each nanocrystal (and the
floating gate). The band nobdel energy state illustrated in FIG 2 is

oat i niingeRsidiead SPORARBRy Sifthe B bR T S8 yr am shown Fi G
Eﬁ”;é%@%ﬁ“%ﬂ% ﬁ*eééﬁgéiﬁ%%&#ﬁﬁbﬁ@@%% ?&%??%eﬁi? Aaiafa 8&{ h°ga”:mldyah %

;?g\r/:]/a{ gﬂa%%ﬁﬁggﬁghﬁe%d@lgggos corﬁeﬁhgyéggﬁga?ﬁ’e&g%} zliphlfne)é’tl r% ﬁlnﬁglt rons,
di el ecfﬁ%ﬂgﬁéﬁ%%aﬁagﬁg%d&f%‘%%ﬁ%ﬁ gé? ,hnz())f é]tgﬁgjar?gn%&:‘}reyst al s The
Sl oPed T bR 1 1BE EOneRR OB My OF f BAO RIS, TR gruces &
i ncr ea%ﬁﬁ:&ﬂ%l%u%alté}%gﬁg?ﬂo&ﬁ{dd} with'éacH ﬂﬁd&gf,%t(ﬁh& the FRoAriS al's can

simlarly be deprogra renovi ng the charge ored from

nanocr Wﬁ? TheZbarid vesdel dierpyateitiueaatddin PRGe29YGihchagged hadener gy at

t he chann surface is lowered with respect to the control "gate all ow ng

the el epuldeorfespoitbto ha@tase pioprabened btitedher dpﬂbr areﬂ@aﬁng gdtge stored

el ectron per nanocrystal equates to a threshold voltage shi of

appr oxi mat elBI@®. 3 illuFtrutdst thef andunddded enegg pdi shewnBI@. Rangbr yst al
density of approximately 1E12 cm 2 and a control dielectric thickness of.-
appl ox iaddittdoyally GhotwOthatnaddnerysta] 28 msdheengprograpmmedtaad nowh t he stor ed
el ectrons produces coul onbic repulsion effects. These effects nmake the

i nj ect inelundes audelection 3Q(indhe wondustiondarid 25 of kbe mapocrystal 28. The
electron 30 can be added to the floating gate’s nanocrystals by forward

biasing the memory cells control gate thereby injecting electrons from the
inverted channel region of a memory cell, through the tunnel dielectric, and

15 into the conduction band of each of the nanocrystals The presence of the
charge associated with the additional electron produces a stored charge that
reduces conduction in the inverted channel (i.e. increases the Vi of the
memory cell). The floating gate’s nanocrystals can similarly be
deprogrammed by removing the charge stored from the nanocrystal by )

20 reverse biasing the conirol gate such that the energy at the channel surface is
lowered with respect to the conirol gate allowing the electron to tunnel back
into the substrate.

An average of one stored electron per nanocrystal equates to a

threshold voltage shift of approximately 0.3-0.7 volis for a floating gate

25 having a nanocrystal density of approximately 1E12 cm™ and a control
dielectric thickness of approximately 5.0-10.0 nm. However, the charge
associated with the stored electrons produces coulombic repulsion effects.

These effects make the injection of additional electrons into each of the
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) 2 6 AUG 2004 WO 01/ 69607 PCT/ USOL/ 06842 nanocrystal s problematic and can
limt the magnitude of the threshold voltage shift of the serf oAUGc2H:
device. . The Eresent i lvention, which uses doped hanocrystal s over-cones

the |iWPOMPWAs of the prior art nanocrystals. The presgniudofy&as ors have
found 5 that doped nanocrystal s can advantageously be used to increase.
the threshold voltage shift of the floating gate w thout encountering

Fres apodFRisbRbRIAR Al SR8NHh She lhisubede BEida ciisshall crbooi ment o

the prasi g}ﬁfp&fﬂfg\sﬂ&ﬁdggg@%h%@%& 4-6 illustrate the behavior of

el ectrons I n nanocryst " approxi mately one dopant atom per
nanocryst al Thkihi iEn ' ' of t floatin ate that
i ncl udes the ngn%%fl?/stal s 1 m&mﬁu%%e%d)ﬁ!&%wh gﬁﬁ)}’eﬁ’@ﬂgﬁ fic
pr ogr afimyitgtiang fRY PFRIH S ' |GS, . 4-6 are. Wi th respect
tocg singl e dopgd nanocra;gﬁglﬁbe?ﬁg'nengwg?ggﬁﬁg?%g@rﬁﬁlﬁvﬁ%f’ﬁﬁdart
r echgnithats doped nkmoeppsiald t . stals in the
floating gatke) 17 will rejs%ingagi mgg(r)ﬁ/laﬂge%%?e]@d‘rﬁgﬁ‘%ﬁ}eal 171 under the
-appr opthrgshold weltage shift @ the fioat atédél o3t & nﬁg}&@ﬁ&ﬂj ener gy

y n-type dop d8

diagramin which an electron contribute s froman

i i crepmision affecipassoolatedditRthe prior b ARRYGAIONIER4 G of 3
ands an

nanocrystal 171. Included in FIG are val ence hei r

associ scdade baudanodel tucrgy didgtans dliheating gh\érbeHiRARPEF Mt al s in the

floating gate. Associated with each nanocrystal 1s an energy |evel Ed,

whi ch PISSERY Blksatiosr  BpecificatlycEks. of-6fillubrateothieyheh AR edbQfohd t he

: S&bi can nanocrgs als. Initially, the electron 47 25 associated wth the
ny pd TR H2lS daped pils approximatel yopadbpatibatom pérenamcieyayl | evel Ed.

Howev .1t is easjly.and quickly excited into the
Pf[unng erase and write opetations of the floating gate that includes the

nanocrystals 17 shown in FIG. 1. Although, the specific programming and
movement of electrons shown in FIGs. 4-6 are with respect to a single doped
nanocrystal 171, one of ordinary skill in the art recognizes that
15  approximately each of the doped nanocrystals in the floating gate 17 will
respond similarly to doped nanocrystal 171 under the appropriate biasing
conditions.
FIG. 4 illustrates a band model energy diagram in which an electron
contiibuted by n-type dopant changes from an initial donor energy state By
20  into the conduction band CB of a nanocrystal 171. Included in FIG. 4 are
valence bands 44 and their associated conduction bands 45 for other
individnal nanocrystals in the floating gate. Associated with each
nanocrystal is an energy level Ey, which is allowed for by the presence of the
n-type dopant atom in the silicon nanocrystals. Initially, the electron 47
25  associated with the n-type dopant is loosely bound to the dopant atom in the
energy level Eq. However, it is easily and quickly excited into the
conduction band CB, as illustrated by the transition of electron 47 from
position 461 to position 451 in FIG. 4. After reaching the conduction band,
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conduction band CB, as illustrated by the transition of electron 47 from
position 461 to position 451 in FIG 4. After reaching the conducti@&gﬁﬁnd,‘
1 2 AUG 2904. WD 01/69607 PCT/ USOL/ 06542 the el edtron is freé & dlifo .
bet ween individual silicon atons in the nanocrystal (n However,
despi tO%8%47 esence of the electron, unlike the pri org‘;?’t%?%u |
nanocrystal remains in a state of electrical neutrality. FIG 5.
illustrates that the el ectron 47 showmn with respect to FIG 4 has 5 been’
r enovethd eReticheischad te nhove barwedBimiividealsiliconyatoahs il tie 1 n accor dance
wi th one enbodi nent of the present invention, this corresponds to an erase
oper at hanoefystdlqnotshomyst dowevehealdspite thegprpaence Tfdheatootabnof  t he

el ectron is acconplished by biasing one or both of the control gate 19 and
t he sounhkédhayme@t,dm rianoargstal remainsin elstateralbelertae .FIG 10
1, such that the energy at the channel surface is |owered with respect to
the cont r oFIGaSdllustratesthaitbe elacteqmf Yishgvan yoith mespectdior Fia et dasof
approxi mately negative 3 to negative 5 volts between the control gate and
thé subsen remov tﬁommmuamb@@@immmﬂél pant ener gy
| evel 46 are void of electrons and_the val ange band 44 ,is full, as shown in
15 FI Gcanrdanee vath emgrayebodiment obthecpresent 1nvanten, Hus GOFEESPERIS, t he

bper at 100 e b eaROR, oL B8 RATOGTISA s ALttig: S8t HEERAVEYOF 1 ect | ng
P anoc rieralpoiroD 15 csgBIENishen Y Prasints o o, 5ot OF i onoiplerts doh T ve 1o
ol t agub e souee BT Fegions T friSihe SlecripdeS T HARET i K16 on To o
2"SF, Sioh ek e LRbh o B Sl BT JoRyiBly OpERbpkER R e |
4 The et 448, f&neiﬁﬁbfée, By LpStyihg aGhdtatial EHEPEREE of

approximately negative 3 to negative 5 volts between the control gate and

-

the substrate. After erasing, the conduction band 45 and the dopant energy
level 46 are void of electrons and the valance band 44 is full, as shown in
15 FIG. 5. The net charge of the nanocrystal 171 is positive due to the

positively charged donor state.
In accordance with one embodiment, a write operation to the memory

cell’s floating gate can be performed by injecting a first electron 62 and,
0pﬁonanjf, a second electron 64 into the nanocrystal 171 by appropriately )
20 biasing the control gate relative to the channel. At the given tunnel dielectric
thickness range, the thfeshold voltage shift increase associated with the
addition of the electron is in a range 0.3 - 0.7 volts. The first injec;ted
electron can replace the electron originally supplied by the dopant atom in
the nanocrystal in FIG. 4. The electron can reside either in either the dopant
25 energy level position 661 or the conduction band position 651. After the
first electron is injected into the nanocrystal, the charge associated with the

nanocrystal is substantially neutral.
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25 energy level position 661 or the conduction band position 651. After the
first electron is injected into the nanocrystal, the charge asﬁcﬁ:i[ﬂj@cpgm,,t h
the nanocrystal is subgt antially neutral. 1 R 2 6 AUG 2004 WO 01169607

PCTf USOMP 08627 The second el ectron 64 can then be introg,y#ﬁ%oi nto the
nanocrystal. by appropriately biasing the control gate. 199842 el ectron
62 and the second electron 64 can be injected as part of a single p
rogramm ng operation or. as discrete programmi ng operations. This can be

“acconpl i shed 15 $6CORE cleckonGdbtran then be iptroduesd thneta néndéryRehl b
progranpin voltyg .ot by varyin t he Progranm ng voltage at “a fi)?]ed
progr‘a%ﬂ%@?%@f‘o&aé% faRirehgate. The eleetiond62 add ibessddomdpr i or art
menory er, the second electron is being injected into a
neut r al ‘?@%&%@Z’ﬁm%@ As gt pEa singlegprograrmnitgibperdtish bpakhe
coul onb%‘gdgtgg,ﬁ"de ef f-ects associ aé«ig with 10 prior art nanocrystals. -
Thus, the sedonde el ettfE PREAaRERS.nd his rar hsraoomplisked bareitherst al  wi t hout
expar i ' : tobl ens,.experi enced by prior art floating.gates-
Thegsegdgﬁié I NJ gc éﬁ%@eﬁ %ﬁﬁeaﬁpa@m@gtmgmer byoyaryingner gy
| evel ' [ r.J.nethe conduction hand 45. 'Me additional
thres hglﬁ%bgggt age sﬁi‘@iﬁg%c‘iﬂe%?éea&yesrm HHe erea coabimat®on of ect ed
el ect r gige ' [ 3 -.0.7 volts,. ,The combi ned t ot al
t hr eshol d*"V’SY*PéE“e‘*?ﬁéh‘?PFk‘F %ﬁgﬁ’ﬁ% AL mmernogy cell, hovigwareflas secand result of -
the celdotidiis f; Eﬁﬁ%é nocrystal and is .in a range of
appr oxh}rgt ely Omgnglﬁljé\!/ag?(?s geﬁggﬁ&h‘afﬁgegé@&%@@lﬁpﬂﬁs-t he
nanocr efore mottsabiektedebSRE" | ls;.negative. 20 Dyring subsequent
operations,. the control gg?g%ssc‘lg}'ls?]rig e%gg?#@& %ﬁggi@oass:pglqt% one or both
of1Q hepsovrethaiaerystals ThukofRMcd BectBAYA Lan be injected into the

hanocrystal without experiencing the leakage problems experienced by prior

art floating gates. Th_e second injected electron 64 can reside in either the

dopant energy level 46 (if unoccupied) or in the conduction band 45. The

additional threshold voltage shift increase associated with the second

15 injected electron to will be in a range 0.3 - 0.7 volts. The combined total

threshold voltage shift in the floating gate is, therefore, the result of the
contribution of two electrons per nanocrystal and is in a range of
approximately 0.6-1.4 volts. The net charge associated with the nanocrystals
after the electron is added is negative,

20 During subsequent operations, the control gate/substrate can be biased
to remove one or both of the stored electrons or to replace the removed
electrons in the nanocrystal. The present invention can be readily extended
to include the use of p-type dopants (holes) to create the charge in the
memory cell’s floating gate. In such embodiments the floating gate is doped

25  with a p-type dopant, for example, boron, and the resulting hole contributes
to 2 charge in the nanocrystals valence band. In addition, these embodim;ants
can also be extended to include doubly ionized dopant species, such as

doubly ionized phosphorus or other dopants having multiple electrons or
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el ectrons in the nanocrystal. The present invention can be readily extended

to include the use of p-type dopants (holes) to create the clg—)frg?‘ |Gn ﬁ@e '
menory cell's floating gate. In such enbodinments the floatin ga Q ig oped

25 with a p-type dopant, for exanple, boron, and the resulting hole .
cont rwpU1&8607t 0 a charge in the nanocrystal s val ence bgﬁaﬂmpﬁ&ﬁﬁﬁition, f
t hese enbodi nents can al so be extended to include doubly ionized dopant
speci es, such as doubly ionized phosphorus or other dopants having )

Coul o oles hakhanls) Oseap B ESEEY,SReR REIYEL HEVASHGC TR BBhduct | on band of
The r coRAGICIE DaB PeCHliche TAARRRYAL Gt Pl L IVIIA B GRS 0LY e
over al V1B ABedrirata)or T eeimavAL obpadiiifiof PHE CHaftles SgRcldibd SRR hE0 | -
pot entdapants e be sk RSGAd PEDE R FRNE Sl HisfpbiyER ) 22121
EBodi eFRass PR OB R SRR o PR BERICEETTC 10 (et 1 et on
A A A e e o

the o B BB L, O R A e B mal v Che.

speci figa 'cgki%@é&%&mp}a@gg q &%E%g?%c@%v&ée&iﬂ at¢corddangeher than

a 15 restr ( nse, nodi fications are intended to be

I ncl gy, ve'émpedpfetits Of BiSpiesent tivérition. Bim ehe foregutthgr .
advant ages#égﬁgﬁsol utions to probl ens have been described above with )

rggar %g%@iﬁ%ﬁ | theeihetitmnhas beondescribtdevitheefeiense tadpesifites,
solutions to problens, and any el ement (s) that may 20 cause any benefit,

advantgfBodianheat. UH®wever, onewf ardihaxoskilhir the art appreciates that

various modifications and changes can be made without departing from the

scope of the present invention as set forth in the claims below. Accordingly,
the specification and figures are to be regarded in an illustrative rather than a

15 restrictive sense, and all such modifications are intended to be included
within the scope of present invention.

Benefits, other advantages, and solutions to problems have been
described above with regard to specific embodiments. However, the
benefits, advantages, solutions to probletns, and any element(s) that may

20 cause any benefit, advantage, or solution to occur or become more
pronounced are not to be construed as a critical, required, or essential feature
or element of any or all the claims. As used herein, the terms "comprises,”
"comprising,” or any other variation thereof, are intended to cover a non-
exclusive inclusion, such that a process, method, article, or apparatns that

25 comprises a list of elements does not include only those elements but may
include other elements not expressly listed or inherent to such process,

method, article, or apparatus.
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pronounced are not to be construed as a critical, required, or% ﬁsﬁﬁﬁt %@4
feature or element of gny or all the clains. As used herei n

“"conprises," "conprising," or any other variation thereof, are intended to
cover AQBH6968%c| usive inclusion, such that a process, PEFHSH/O68#% | cle, or
apparatus that 25 conprises a Iist of elenments does not include only those
el ements but may include other elenents not expressly |listed or inherent
to such process, nmethod, article, or apparatus. 26 AUG 200 WD 01/ 69607
PCT/ USO / 06842 CLAIMS 1. A nenory éﬁ;ﬁ@&épl) conprising: 5 a first current
carrying el ectrode (12), a second carrying electrode (12), a
control electrode (19), and di sconti nuous storage elenents (17), wherein
the di scontinuous storage elenents contain dopant atons. 10 2. The nenory

cell of claim 1, wherein.the discontinuous storage elenents include a .
mat er i afl- éel@@myfm&ﬂ}ﬁp%ﬂg *sting of silicon, germanium gallium

152 The ﬁé‘éﬁvﬁfmgﬁan&%%%ei@%?ﬁad%er cin the dopant atoms are
celected I U HAR G ageBogphr vo. boron. i ndlum and
Gl ect rode &W@&@%ﬁ%@g HLhHL: TYi ng el ectrode (12): & control
el ectrode (18)scontinuous storage elements (17), wherein the discontinuous

storage elements contain dopant atoms.
vy 10
2. The xﬁemory cell of claim 1, wherein the discontinuous storage elements
include a material selected from a group consisting of silicon,
germanium, gallium arsenide, aluminum gaflium arsenide, silicon
carbide, and silicon nitride.
15

3. The memory cell (101) of claim 1, wherein the dopant atoms are selected

from a group consisting of phosphorus, boron, indium, and arsenic.

4. A method for programming a memory cell comprising:
20 providing a memory cell (101) that includes:

a first current carrying electrode (12); _
a second current carrying electrode (12);
a control electrode (19);
a plurality of discontinuous storage elements (17), wherein the

.25 discontinuous storage elements contain dopant atoms; and

removing at least a first charge (30, 62, 64) from the discontinuous
storage elements (17) wherein the at least the first charge (30, 62,

64) contains a first polarity.
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a plurality of discontinuous storage elenments (17), wherein %@ éﬁ 0
di sconti nuous storage eI‘ements contai n dopant atons; and | 3? Qeast
a first charge (30, 62, 64) fromthe disconti nuous storage el ements (17)"
wher eiwotosoen? | east the first charge (30, 62, 64) conkGI/HS01&6842r St
polarity. -15 2 G AUG -2. 004 WO 01/ 69607 PCT/ USOI / 06842 5. The nethod of '
claim4, wherein renoving at |east the first charge is further .
characterized as an erase operation for a non-volatile nmenory cell. 5 6.
The nethod of claim4, further conprising injecting at |east a second

Shar 02 4 e BEnldd B RS, Db S AP RSt BhgRE 8, T,
coll 100 A BELE o ol BRSO erEERAER BhRY, o, Second

di scont i nu%#;l storage elenents (17), wherein each of the 15 discontinuous
storage el enents (17) contain at | east one dopant atom and addi ng at

| eagt a first charge (30, 62, 64) to each of the plurality of

di stont i nuous storage el ements (17). 20 8. The nethod of claim7 wherein

the filg re| : t eoferaaﬁf& e dih m%&@ﬁyﬁéﬂn e&%a@@a%ecJﬁtf met hod of

claim Irst charge’is furthét aracteri zed as hol e, f
charge with the first polarity into the discontinuous storage elements._

—

7. A method for programming a memory cell comprising:
10 providing a memory cell (101) that includes:
a first current carrying electrode (12);
a second current carrying electrode (12);
a control electrode (19);
a plurality of discontinuous storage elements (17), wherein each of the
15 discontinuous storage elements (17) contain at least one dopant
atom; and
adding at least a first charge (30, 62, 64) to each of the plurahty of

discontinuous storage elements (17).

20 8. The method of claim 7 wherein the first charge is further characterized as

an electron

9. The method of claim 7 wherein the first charge is further characterized as
a hole.

25
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25 2 6 AUG 2004 WD 01/69607 PCTIUSO1/ 06842 10. A nethod for fo&nigﬁja
mendry cell, conpri si ngy formng a first dielectrig layer (16) dv &UGa 2004
“sem conductor substrate (10); form ng doped discontinuous storage el ements
(17) oVE@OVEASOT i rst 5 dielectric layer (16); forning aPSEUSHEF%l ectric
| ayer (18) over the doped discontinuous storage elenents (17); formng a

the sem {Gnd oG on Rhire' § sRAAGRD BN CCREHRE2YSE (1D (B R alet Pve
layer (19); r&%g%%g&%s&g%%&gm? 8bpfacs%ﬁgi%g§;uﬁ%@éfﬂfsuéa’e@> to

expose portions o secon ayer renovi ng exposed
portions of the ??9 nd dielectric layer (18) to expose portions of the
first dielectric a&er (16); and 15 renovi ng exposed portions of the first

dielectric | #emifd@boped discontinuous storage elements (17) over the first
5 dielectric layer (16);
forming a second dielectric layer (18) over the doped discontinuous

storage elements (17);
forming a conductive layer (19) over the second dielectric layer (18);
patterning the semiconductor substrate (10) to expose portions of the
10 conductive layer (19);
removing exposed portions of the conductive layer (19) to expose
portions of the second dielectric layer (18);
removing exposed portions of the second dielectric layer (18) to
expose portions of the first dielectric layer (16); and
15 removing exposed portions of the first dielectric layer (16).
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