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Field of the Invention 5 The present invention relates generally to

sem condwoor/egevi ces and nore particularly to sem condupCDUS@ENEBL2e Nenory
cells. Related Art As sem conductor scaling continues, integration problens
are 10 encountered which can affect the performance and reliability of
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el ectrically erasabl e programmabl e random access nenori es (E2PROMs) these
can include | eakage or | oss of the charge stored in the nenory cell's
floating gate fromthinning of the device's tunnel oxide. 15 Quantum dot
(nanocrystal ) technology is an area currently under investigation as a

repl acenent for conventional 8 ates in scaled NVM devices. One

speci fic application uses si nguléﬂ@-ﬁ-ﬁlﬂﬁ%ﬂ i con nanocrystals as
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floating gate, the defect(s) provide a | eakage path only for individually
charged nanocrystals. Typically, the charge | eakage froma single

nanocrystal will not affect the pver@lkte@me associated with the floating

25 gate. The charge on the floating crystals can be used to
regulate the c
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semiconductor devices. For non-volatile memory (NVM) devices, such as

electrically erasable programmable random access memories (E°PROMs)
these can include leakage or loss of the charge stored in the memory cell’s
floating gate from thinning of the device’s tunnel oxide.

15 Quantum dot (nanocrystal) technology is an area currently under
1nvestigation as a replacement for conventional floating gates in scaled NVM
devices. One specific application uses singularly isolated silicon
nanocrystals as discrete 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
nanocrystal will not affect the overall charge associated with 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 distinguished by the observed
conduct i woyl/efsenge in the nenory's channel whi ch mani f espeT/USGIBIR42as a
threshold voltage (VT) shift. 5 Two inportant device paraneters for NVM
nanocrystal floating gates include the VT shift magni tude and the charge
retention tinme. The VT shift gni t ude en the uncharged state and the
charged stRAROE ynghanged BAREYR 6 aggredelosan ﬁBﬁ%’igeﬂj‘%’%@Eﬁ per

nanocryst duri he wite operati reater .t aver e nunber of
el ectrons ‘ift Pﬂtqt’x%mﬁ?’é%f)@? ni‘ OGEWétaj'{%C%%ﬁ S%EBW@B %%Fﬁf@ggl ng
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affecting the CTharge retention ti ass C|ated th the manocrystal. -2 WO
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invention is illustrated by way of exanple and not linmtation-in the

accomanyithg Vi ghtfes Mbreowdirch coitespogiigicesisiéisy ito diegedtahe SV phidt aklenent s,
and in which: 5 FIG 1 includes a cross sectional view of a non-volatile
menory increases with the number of electrons stored in the nanocrystal.

However, coulomb repulsion 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, subsequently injected electrons
encounter coulombic repulsion from the negatively charged nanocrystal and
tend to leak out. Thus, the retention time of the subsequently injected
electron(s) is reduced. Therefore, at a given tunnel oxide thickness, the prior

20 artis incapable of increasing a nanocrystal’ s V shift without adversely

affecting the charge retention time associated with the nanocrystal.



device that includes doped floating gate nanocrystals; FIG 2 includes an
illustration of a band nodel energy diagramof prior art intrinsic
(undopedwaanespystals; FIG 3 includes an illustration obPCT/isolmss nodel
energy diagram 10 shown in FIG 2 after injecting an electron into a
nanocrystal. FIG 4 includes an illustration of an energy band di agram
showi ng excitation of an eBgef Dmscfiptiontdfethdddeawanar gy band to the
conduction band of a doped nanocrystal; FIG 5 includes an illustration
showi ng an enerbie paestrdiinyentnonis tthstratsd dypedy mdrexanygleadndshotn in FIG 4
after an erase operation; FIG 6 includes an illustration showi ng an energy
band di agrlamiietionhia theoarsompamangdigures himwwhich ke referghces indigaic e
operation. Skilled artisans, appreciate that elenents in the figures are

i | | ust r at eamikagrelemepts.cndimwiielari ty and have not necessarily been drawn
to scale. For é&éexarrpl e, the dinmensions .of sone of the _elenents in the
figures may be gbanaludes Bg1ess SectionaliHew @f & moRr ¥okailaeImPRYr ove t he
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FIG. 4 includes an illustration of an energy 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 showing 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 discussed with
reference to the acconpanying figures. FIG 1 illustrates a cross-sectional
vi ew of amoentmwsdi nent of the present invention that incluperusoilosiiz E2PROM
sem conduct or device 101. The sem conductor device 101 is between
isolation regions 14 and portions of it formed within a 15 sem conduct or
substrate 10. The sem conduct or evi.c<(a1 01 includes source and drain
regions 12, a tunnel dielectric gaﬂ ate conprised of doped
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di el ectri qeleay@m(9y8f hwldlg)) frbeh 643H épﬂft}lﬁbpéd guwntioubGtodpe tunnel
dielectric layer typically” includes a dielectric material, such as silicon
di oxi de (Q1&RkntAl ternative dielectric materials can include silicon
nitride, hafniumoxide (H02), 5 zirconiumoxide (Zr02), tantalum pentoxide
(Ta20%), or th&mbbdiments af tiey present invidntionewdirnody terdiscass8iogithunnel
dielectric layer is fornmed wusing a conventional thermal oxidation process.
Al t er nat i wefateposite ithe accompanying 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 formed within a
15 semiconductor substrate 10. The semiconductor device 101 includes source
and drain 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
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 trenchisolation (STI), local oxidation of silicon (LOCOS), buffered poly
LOCOS, 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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met hods can be used depending on the dielectric material being deposited.
These deposition nethods can include chem cal vapor deposition (CVvD), 10
atom c | ayeni/ésponsi ti on (ALD), or the like. Chem cal vapopCT®pOigicsi2on
processes as used herein can refer to | ow pressure CVD (LPCVD),

at nospheric pressure CVD (APCVD), plasma enhanced CVD (PECVD) or the liKke.
I n one spduhhekdmibadicnEmis irtitiellyHorkedss ofurtited dselR2tticbagdr ovbrtyiagt ric

| ayer is agproxi_matel y 3.0 nanoneters (nm). Typically, the tunnel 15

di el ect ri dheagercanduetogisubstated] Oxilde tomnehdedlectrid égzlerey{pﬁcaﬂblent oxi de
thickness (EOT) in _a range of approximately 1.0-7.0 nm For the purposes
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atmospheric pressure CVD (APCVD), plasma enhanced CVD (PECVD) or
the like. In one spelcific embodiment, the thickness of the SiO, tunnel
dielectric layer is approximately 3.0 nanometers (nm). 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 nanocrystals 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 specific

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 layer or using ion-inplantation after depositing the anorphous
silicon | ayer. Dopant species (i.e. inpurities) can include Goup V
(n-type) waopessvs, such as phosphorus, arsenic, antinony PeTAR@/doBde, or
Goup Il (p- type) dopants such as boron, indium gallium or the |ike
depending on the 10 type of charge (i.e. electron or hole) used to program

the floating gate. In_  accordance wth one enbodjnent, the anorphous
silicon | agBbodingasethe WEGB%HY%[F@BH%%F %fibl%]r]i’(ge% AP t

produces an average of. at | east one. dopant.atom for every.subsgquently
f ormed nand¢ @tgﬂ%mwumqé %@F@lﬁnﬂmga@ﬁg%ﬁ{ﬁ%’ﬁ ?rss“lgfq?ﬁlcon

| ayer is doped . wt. hosphorus 15 .at a concentration of approxinmately 1019
cm 3 or, aF@ﬂ%ﬁ@@B?,nl&gﬁs@ I {opr oxi matel y 1012 phosphorus atons/cm .
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furnace annealing” proc a tenperature in a range of approxinga

600- 800 de lagi POrad HirsentiBRAslihoReo N likd her GeotpdH @aneal
pr onot es sgggrﬁg%siggﬁgﬁg? qlﬁ)gbarmrphous 1S| licon Nayer and subseqﬁ%nt %jrqowth

of i ndi vi dgghe)y é@ﬂt@@ucﬁ%%rbﬁt aldiudd . gallieni, veltht dikendepardiapalstiave
di aneters that” typically range from approximately 4.0-6.0 nm and aver age

appr ojQmat eype of @hﬂfge lire.-cBe MR br 6R66)usedTiosigraatdr: Hddtinggatet e space
separating the isolated nanocrystals typically ranges from .apgroxi mat el y

4.0- 6. 0 nmagodrcaneeagith appemboditeny, the Gononplits sibeoh fayer 1S
nanocrystals have a density that is approximately 1E12
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  at a 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
temperature in a range of 700-900 degrees Celsius for approximately 5-15
seconds to 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 one 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 nm and average approximately 5.0 nm. In
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nanocrystal s/cn2 overlying the tunnel oxide. Thus, the density of 5
nanocrystals (1E12 nanocrystal s/cnR) approxi mates the dose (1lE12) of the
phosphor w80 8pewdes i n the anorphous silicon |ayer prior tPCHUREAI6842
Therefore, after performng the furnace annealing process, there is on
average, approxi mately one phosphorus dopant atom per nanocrystal 17. After
form ng t heldiopedtheasspaceysepatatitd theaisobated alandicey salsrtiypidaierardestfrodd wi | |
subsequently formthe control dielectric 18 is fornmed over the

nanocr yst appreyimatel pddditid mee anidtaverage seapprdixmmatelythe mmntlod rativdtiegt ri c
| ayer is an undoped CVD deposited oxide |ayer. Alternatively, the control
di el ect ri dlapegaranorysials bavied desisiy tbahts apppesanaialy IdEbsesses, and can

i ncl ude other dielectriic materials or conbinations of dielectric materials,
15 such adlaa@ceystabs/¢int oveelyeng dee fonpl axiden Jiwsktheodersity pfke. The

or i ey QRO Stal (R 4 panGometab ey epprokieries dae Gose eEddhorans "¢
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dielectric,is in a range of . approxjmtely 5.0-20.0. n More typically the
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appr oxi matjgy¥r k58 uf@B8pSACVD deposited oxide layer. 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-situ 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.



After depositing the control gate layer, the substrate is patterned with
resist and etched to formthe filmstack shown in FIG 1. |In accordance
with 5 oveowedsotli ment, the patterned film stack is etcheBCTERM6s42
conventional silicon reactive ion etch (RIE) process to renove the
unpatterned portions of control gate |layer 19 and expose the control oxide
| ayer 18. Bhgpeeniroh gate layer thinkness iggmaecalleiretrange ladyapproximatalyid S0ne
nanocrystals nay al so renoved during this process. The resist layer is
then renovEd) BAY the substrate 10 is 10 processed through a polysilicon

reoxi dati on process.. This, Wess I nvol ves heating the substrate to a
t enperat ure betMER dgpPsBiigHicsqn gedagendoe sedstratgrispafancaitent and

results in the growth of roxi nat el 0.0 nm si_licon di qQxide an the
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O _ ) > . 18 .
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found in a conventional conplinentdry netal oXxlIde sem conduct or
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dielectric and the tuhnel” difel'ectric are re using "a conventiona
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nanocrystals to the dielectric materials nay be sufficient to renove the
nanocryst alsn a@otyen S8mibie LA 6ésn13GH tHEQEORERAA approximately 10.0 nm
of silicon dioxide on the polysilicon control gate. The polysilicon
reoxidation process converts the silicon nanocrystals that are exposed to the
15 ambient environment (i.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 the 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 the nanocrystals to the

dielectric materials may be sufficient to remove the nanocrystals. On the
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ot her hand, the presence of residual nanocrystals may be acceptable in
terms of the reliability and performance of the sem conductor device.
After fowongedshe patterned filmstack that includes remaP@l/ngo1/qes+42t i ons of
control gate 19, the control dielectric 18, the nanocrystals 17, and 5 the
tunnel dielectric 16, spacers 15 and source/drain regions are forned to
produce the sem conductor devige 101 shown in FIG 1. The spacer formation
Bnd the sGUREERBRG MEHGRERCY B FetifBAl BB HEISID BRVRMAPLHE) Xl one
of ordinar kili.'ri.the rt.. Al thou ot specifically illustrated in

Fia 1, 8 Resetiabiliynd eeformannt Py the SpRUCAdIGIOnErKiFConvent | onal 10
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energy di agram for I con nanocrystals used by a prior art floating

gat e. Eacho\Geadcardiangy skiyBin & as gkl foRSsasFRhRY (HRReHedd By band

(CB) 25 dash are representative of an individual™ nanocrystal in the

floating @d(®.1,The stbktrate enesaysdpratliyiio p2écdssedasidgd ongdeibngen the
conduction band 25 and val ance band 24 of the nanocrystals. The hatched

i GaLe. (hat Lhe val Ance bande are. combletery Tu T of e/ cetrons. The
outlined elddneonal2Bvdoemasmatrgithat simbe eisedan@onystetiion witlhhéhd | oati ng gate.
Al t hough the injection and renoval of electrons (or holes) in FIGs. 2-6
will be dissoussrduciiortdevespedi. tlheadepedkdicon nanocrystals 17, shown in
FIG. 1 can be used advantageously to increase the overall charge and V-
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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-9 WD 01/69607 PCT/USO1/ 06842 nanocrystal, one of ordinary skill in the art

recogni zes that a single nanocrystal is being used for illustrative
pur poses;w@antedshat ot her nanocrystals in the floating garermsoélosehave
simlarly when appropriate biasing conditions are applied. As illustrated

itEeFInSan:’r no el ect Lonsf h?ve 5 been[addedg;‘t?r_tge .coEductiion baggc}‘ g: egn\;llm_ ?L
ieialc Bs {1?2 ;)c’?%@ﬁ :gl’ngﬁiglg OE‘I;%E{? ﬁgji%gjﬁg‘%% fﬁég@%ﬁfg %%%? :}%}éﬁggr Z ; 2t e

ﬁ;gg{ag]rg?@dﬁlg |r111abpr|%L)jr gr ?&Teﬁloaggﬁg ?‘airgo %’&?ﬂspﬂh{% Ious?rat es the band
nanocrysta%%rﬁggﬁﬁlgﬂ%\?ggﬁlgﬁt%éém %ﬁ%ﬁ%@%ﬁ%ﬁ%@o in the
conduct i 0%1‘&@15% &naitidmouB RS L AL ifsrdien inglTer 2 A SRcfAsIpdded to

the floating e’ s nanocrys s by forwar biasing the nenory cells

controls gapéer A8A&DYo thd 86AHAGIGh Bah FBS ahy ¥NthBhanbRyithRd Tharsdste £€9i on
of a nmenory cell, through the tunnel dieletCtric, and 15 into the conduction

band of eagdutedl dlBetriai ehayss & sssbotatpd evigheackhnahberysthib(grl geseamtged
with the additional electron produces a stored charge that reduces

conduct i ongate).t Thei aret trestied karengy state dlustratedds d9G.iMindiarghd andenory
cell). The floating gate's nanocrystals can simlarly be deprogrammed by
renovi ng tdéwuldhaorgespstnat ®dar eoaset prognamoned) stasd 1by f2iorr &t dtcatinty gateng t he
control gate such that the energy at the channel surface is_|lowered with
respect to the EHnt3allugatesdheda Hel ehengyrdiagramtshovenr Héck andt o t he
substrate. An average of one stored el ectron per nanocrystal equates to a
t hr esH® d additiegellytihawsthaipmnercrysakl§ has been programmiesd and fioyat i ng gat e
25 having a nanocrystal density of approximately 1E12 cm 2 and a control
di el ect ri cinchidesnas slastrapaP dnithacengduetion bend iﬁrpf Hesvagaecrystd Zhat §e
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 Vr 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 control gate such that the energy at the channel surface is
lowered with respect to the control 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 volts 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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associated wth the stored el ectrons produces coul onbi c repul sion effects.
These effects nake the injection of additional electrons into each of the
-10 WO OWe 960 PCT/ US01/ 06842 nanocrystal s probl emati ¢ andrwsei/deB4ri t t he
magni tude of the threshold voltage shift of the sem conductor device. The
present invention, which uses doped nanocrystals overcones the |imtations

s A 8, L1
{ﬁgrtzgoga%&#%glg Q‘ggg}efélgﬁ%ﬁﬁ ?’ﬁ%ﬁ‘g?fgr Zrlltq 1Eri;;mocryéit al Sé I;IEGri 4-6
glrgitep'z)nisr.lvenft [ on&)r%%reéi %’{Ycaﬁ%’a‘gﬁgﬁ: %’:%6 (I?éé[ u_s%ra(f@rgpcﬁe Obr%gac\)/l o? }E‘?m
manoc vt O, SR Y s R oo B
| ncl udes e dARPRINGEALELY Lok AlVEntdEebhly Be ubbd BoUReatOtEPeCt i C

progranmm ng an 0 In FIGs. 4-6 are with respect

to a singheegdanad,ol ifSdRdhelfldati9n ear woihdub @hofikitdring BollenBict

recogni zes that 15 approximtely each of the doped nanocrystals in the
floating @pulsids affddts akgsdignd withi thargriort 4t Aaneeryeaiec rBIEial4-671 under the

appropriate biasing conditions. FIG "4 illustratés a band nodel energy
di agr am i inchidebamd ned @elt srigy chingranby il b tinting y penisiediaméntadfashges from an

initial donor energy state Ed 20 into the conduction band CB of a
nanocr ystpieséitlinvien¢iond eSipécifieblty FIGs. d-6iHlsmate thertsthaddonofl eldueians
T oy s enobiysiats doped with apponmraelsboye Hapaas sk Rl 0.
which is allowed for by the presence of the n-type dopant atomin the
si | i con ndumegwsasd and writei epdrations of éhe Eloasingsgate 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
contributed by n-type dopant changes from an initial donor energy state Eq
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
individual nanocrystals in the floating gate. Associated with each
nanocrystal is an energy level Eq, 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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25 associated with the n-type dopant is |oosely bound to the dopant atomin
the energy level Ed. However, it is easily and quickly excited into the
conducti omobae@doCB, as illustrated by the transition of epPeTws@M6di2 from
position 461 to position 451 in FIG 4. After reaching the conduction band,
-11 WO 01/ 69607 PCT/ USO1/ 06842 the electron is free to nove between

the presossPEPRISHRER A oV Eor e TR el ?ﬁiﬁﬂﬁf‘%“ﬁ%s LAYy st afesii '
el ect ron e G e

i . | AL .
embodi et rC R BERE A nE ADREICHRA rohiding i 2 SRELFRNGALH ity

operat i on. of t RRGDSNAGLHSIA 1 EILORA T hoRoyiFRSpEEDIAFIC! 4 Hale

el ectron is acconpli asing one or bot gate 19 and

the sourcpécl adifokedifehs theWdiRHctioA bAHDTEbeehd ﬁﬂﬁé&ry%@alsmmlﬁn FIG 10
1, such that the energy at the channel surface is |owered with respect to

the conti@lordah€e With opsabedininteePing mesenPtventionl, thiisfdetepondsf
approximately negative 3 to negative 5 volts between the control gate and

t he subst taie erd¥et @gfjelati@ﬁi cbfgthetﬂmlmﬂstab in ore ﬂ@atin§5gzaed Theerednpeal ofener gy

| evel 46 are void of electrons and the val ance band 44 is full, as shown in
15 FI G Stheltlectren is aecgmplishedebynbiesingy shelorixsthicf thesidrtwe ghte 1% t he
positively charged donor state. In accordance with one enbodinent, a wite
oper at i onand thdsommeddsain cegions (Chrant ngriya e ekatrdetesp d 2f shaved ibFI(hj ect i ng
a first electron 62 and, optionally, a second electron 64 into the
nanockQyst &) suchitiay thesnergy at the/clranisl ssrfagetindowened svitlysewpecetathae to
the channel. At the given tunnel dielectric thickness range, the threshold
vol t age sePRirol gatee AQeeremple.feapiying rotential difdereacetafe el ectron is in

arange 0.3 - Q.7 volts. The first i.njected
J approximately negative 3 to negauVJe T 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,
optionally, 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 threshold voltage shift increase associated with the
addition of the electron is in a range 0.3 - 0.7 volts. The first injected
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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el ectron can replace the electron originally supplied by the dopant atomin
the nanocrystal in FIG 4. The electron can reside either in either the
dopant 2%wens6my7 | evel position 661 or the conducti on banBCposétdicssz 651.
After the first electron is injected into the nanocrystal, the charge
associated wth the nanocrystal is substantially neutral. -12 WO 01/ 69607
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t . i See 0 .
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the secongpe p‘?ﬁgfﬁﬂxﬂﬁﬁéc@ﬁt bl FigtADrbBE e AR ¥ EbAlbikthioRE
t ea I €nce

experiencing kKage pr ens exper prior art oat1 ng gates.

The Secon%g RiyRChRth $dE ik BtheGHor ixﬂsxﬂo@y%lenb%v&é%%ﬁ,e p@ner gy

| evel 46 (1 f unoccupied) or in the conduction’ band 45. T addi ti onal

threshol d eqeét&elailg?s BBirld iﬂje@treqqﬁgo gm&rf@ﬁlwgtea fdidcgesanand s i nj ect ed

el ectron to w be ima’range 0.3 - 0.7°volts. The combi ned t ot al

t hreshol d tHetdfegenshbilibjected tetd entlontbigadsleckade effecef aysecidibe wielsul t of
the contribution of two el ectrons per nanocrystal and is in a range of

appr oxOmatpgior &t Grahoérysthlss. THing thetsechrd etecisso 64 alagcbavinjbetedeinto the
nanocrystals after the electron is added is negative. 20 During subsequent
oper at i ongiandeeystahtithowampesidnsingtle kakage probkads experienoad byrpeiar bot h
of the stored electrons or to replace the renoved
art floating gates. The 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 a charge in the nanocrystals valence band. In addition, these embodiments

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 charge in the
menory cavOosedehoati ng gate. In such enbodi ments the fl oapcgsSgatees2i s doped
25 with a p-type dopant, for exanple, boron, and the resulting hole
contributes to a charge in the nanocrystals val ence band. In addition,

t hese enbodi nents can al so be extended to include doubly ionized dopant
speci es, ddés Hwt adslidlogciipyiensdgy ktesph betgeat thet vielende pantdsanthvi ng
multiple electrons or -13 WD 01/69607 PCT/ USO01/06842_hol es_t hat coul d
occupy enapdustigndzanskofidensiliconranaesestehice.datpur ¥dducY Heh OB AHOUS t he
silicon nanocrystal (i.e. Goup VIA VI|A or ou 1B, |IB dopants). The

r enoval orHBdB%td ) t hbe samioyas on gdduion @ﬁ%ﬁ? aﬁ%@éasé‘éﬁé@m‘g“’éﬁhbﬁe used
discretely to programa nulti-state nenory or to 5 increase the overall

t hr eshol d dﬁlﬂ@é@@a%%ieﬂlse@f &Sﬁ@t@avﬁ%@tog&ﬁ%h%aaﬂﬂrﬂétq HFEROTYOA! Has been

dooer Bed L Loopect 0 RRSELL] S SOTSHET YUl ghypee, o bolart Ly of
D o o RLEBL e TRV %ot RYELEH deheBRE NS oel B e
NI SN L
tshgcgo][ :az:?c_[ | ﬁlvgntltﬁgﬁ[%g sné(a?.ﬁ?lgrﬁtt%‘gi n %e c%ﬂal msybee! Ic‘?w. r&:co_rél r-]grfi%/,r]ertthﬁan
275 rost Y AT A nat R AiTo DT RE R I, B Bt e

i ncl ugpd s\ﬁegg%éhggf}ﬁ tﬁ@%@eﬂrﬁoﬁ&@? %bnidé‘éﬁﬂlgba rwng%@riaﬁée t@EpEeific

advant ages;, d sol'utions to problems have been escribed above with
regard to §HB6HrhEnRMI8WERRE Sond BMBY&hary SRill REARS Adt Sppreviatdsatas .

solutions to problens, and any el enent(s)” that nmay
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 problems, 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 apparatus 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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20 cause any benefit, advantage, or solution to occur or becone nore
pronounced are not to be construed as a critical, required, or essential
feature woosb®mnent of any or all the clainms. As used herrCTUSti®sizer s
"conprises,” "conprising," or any other variation thereof, are intended to
cover a non- exclusive inclusion, such that a process, nethod, article, or
apparatus that 25 conprises a list of elenents does not include only those
el enents but may include other elenents not expressly listed or inherent
to such process, nmethod, article, oflabdbatus. -14 WD 01/ 69607

PCT/ US01/ 06842 CLAIMS 1. A nenory cell (101) conprising: 5 a first current
carrying electrode (12), a second current carrying electrode (12), a
control el ectrode (19), and discontinuous storage elenents (17), wherein
the di scontiumesnonytealhgtOl) eomprSiRgnt ai n dopant atons. 10 2. The nenory
cell of claim1l, wherein the discqgntinuo f storage elenents include a

mat eri al selecﬁbﬁﬂﬁKﬁﬁﬂﬁﬂdﬁﬁﬁﬁngd§§¢%@$%g » silicon, germanium gallium
arsenide, alum numgallium arsenide, silic carbide, and silicon nitride.

15 3. The nenmordS PHHIYL AT W@FrodﬁgE%}’n the dopant atons are
selected [rom 3 Soup OB LY, aly Phosphor us, boron, 1 ndium ana
B e foag &P Moo Abkagd lerhdifis 4195, wheleih the HSLSHRm R V! "9
storage elements contain dopant atoms.
10
2. The memory cell of claim 1, wherein the discontinuous storage elements
include a material selected from a group consisting of silicon,
germanium, gallium arsenide, aluminum gallium 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 second current carrying electrode (12); a control electrode (19); a
plurality of discontinuous storage elenents (17), wherein the 25

di sconti wouse®wbDr age el enents contai n dopant atons; and PeEUSVM/MsgH2at | east
a first charge (30, 62, 64) fromthe discontinuous storage elenents (17)
wherein the at |east the first charge (30, 62, 64) contains a first
polarity. -15 WO 01/69607 PCT/US01/ 06842 5. The nmethod of claim4, wherein
renoving at least the first charge is further characterized as an erase

Fur ther comptPErReiol oftarh 4 Whetedn Bhtavide dr A R IR o £ 1L

b ogr ami ng. alWangt siaaRiiaRbet Eh R A eBHATER fors aonalllIe B s ¢ na

i ncludes: a 'Hst current carrying electrode (12); a second current
carrying electrode (12); a control electrode (19); a plurality of

di scongi nuous storage elements (17), wherein each of the 15 discontinuous
storage elenments (17) contain at |east one dopant atom and addi ng at

| east a Tig SThehas@RI SPclaleh 4 SthirtHed c‘%ﬁ%ﬁ?ﬁ@% iﬁhﬁ%&iﬁg at 1da%t @fsecond

di scontinuous storage elenents (17). : thod of claim?7 wherein
the first chachergeswith tHiefirgihrslagteiitoate scontiflAtt stofadh elbhger®! hod of

claim7 wherein the first charge is further characterized as
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 plurality 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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a hole. 25 -16 WD 01/69607 PCT/ US01/ 06842 10. A nethod for formng a nenory
cell, conprising: formng a first dielectric |layer (16) over a

sem condwoor/ewubstrate (10); form ng doped di sconti nUOUBCEUSIAGE42e] enent s
(17) over the first 5 dielectric layer (16); form ng a second dielectric

| ayer (18),over the go ed di sconti nuous torage. el enents (17); formng a
conductivelcﬁa;eme(thg fgﬁg@fmﬁkg %é@@ﬁ@flﬂpéﬁeé@mpéiﬂlﬁgér (18); patterning

t he sem conductor substrate..(10) .to exp portions. of the 1 onductive
ayer (10y r erorbe A aitohis SRS oB% o iRcOPdICR RS HRE 1o
expose portions of pg.e second dielectric layer (18); renoving exposed
portions of the se(g » dielectric layer (18) to expose portions of the

first Orel ect b ABadpkd) aisROidBol e WA 08 FARETRT LT Ve TR st o 1171
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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