NON- VOLATI LE MEMORY USI NG PYRAM DAL NANCCRYSTALS AS ELECTRON STORAGE
ELEMENTS TECHNI CAL FI ELD [ 0001] The present disclosure relates
generally to the manufac e ;:f sem conductor devices, and nore
particularly, to the manufacture of integrate( circuits having non-volatile
menory devi ces. BACKGROUND [ 0002] Non-volatile nenory (NY-N) technol ogy
has faced challenges in attenpting to inprove the witing/reading speed and
injection efficiency of hot carriers into the tunneling oxide of a nenory
cell, Non voatile nenory (NM devices that utilize a channel hot el ectron
(ORE) inj ction process are inefficient. This inefficiency results in, a
low witing speed and a need for a large area to adequately performa hot
el ectron injection prdtBssVOINGITLE MEMORY WSTdIGy PERBMEIDABYI ces that utili ze
a Fow er - Nor dhei m {NANGERYBTATIO RS ELMOTRONS ISTIORAGE EOBEMENTS t he
Fow er- Nordhe.imtunneling process has a | ow read perfornmance. Thi s
nmeans that there is a fundanental limt on the speed and scaling of
conventional non-vol atil e nmenor wgEoiYYcade wIees.
[0001] The ©present disclosure relates generally to the
manufacture of semiconductor devices, and more particularly, to the
manufacture of integrated circuits having non-volatile memory

devices.

BACKGROUND

[0002] Non-volatile memory (NVM) technology has faced challenges
in attempting to improve the writing/reading speed and injection
efficiency of hot carriers into the tunneling oxide of a memory
cell. Non-volatile memory (NVM) devices that utilize a channel hot
electron (CHE) injection process are inefficient. This inefficiency
results in a low writing speed and a need for a large area to
adequately perform a hot electron injection process. Non-volatile
memory (NVM) devices that utilize a Fowler-Nordheim tunneling
process are efficient. However, the Fowler—-Nordheim tunneling
process has a low read performance.

This means that there is a fundamental limit on the speed and

scaling of conventional non-volatile memory (NVM) devices.



[O003]FIGURE 1 illustrates a schematic diagramof a prior art nenory cel
100 of an electrically erasable programmatic read only nenory (=ROM
device. Menory cell 100 includes one P-channel. netal oxide sem conductor
(PMOS) transistor 110 and on 2-channel netal oxi de sem conductor (PMOS)
capacitor 120. The 2MOS capacitor 120 is fornmed by connecting toaether the
source, drain and substrate of a PMOS transi stor. [ 0004] The PMOS
transi stor 110 may be referred t. as PMOS programtransi stor 110, while the
PMOS capacitor 120 may be referred to as PMOS control capacitor 120. The
gate of the 21103 programtransistor 110 and the gate of the PMOS control
capacitor 120 are connected together 1,e., shorted together) and are

i sol at ed fioooBYhe KIdURE dctiilveselrenent 5. sdheusthior tdddiggatesfod Pheo PMIS
programtransi stor 110 and the PMOS control capacitor 120 are collectively
referregd®rpsca.l "fdooati ng gatetri3811 Chargesld mramrantsbl hatea@dpresent
either a zero ("0") representation or a one ("1") representation) may be

wri tter}nérﬁ’ofﬁpe Et?ﬁ@MPgdeg@Tc% 13@ndry aksler tooaveicdunekl dvieasp-channel
interference, the PMOS programtransistor 110 and the 21103 control
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turned on and hot Iect s are nerated at the high electric field region
at the i drc. ? QPGP/LC?%ntam\?( l%ecr? I GURE 1) Wth positive voltage on the
control gate of PNCS control transistor some hot_el ectrons _hi.J

energy wi I[P0844ds T 0BYRSt Her &I itoH- sttt C(S[}‘?ydll?&l 6§f€§F 0%3 B85t ent i al
barrier and be injected into the floating gate 130. The prior art
menory eeddrA00 tiransigsed byl @pplWildg athe gHFMoi tS@Eant?ﬁe tF‘SE Jite of

the PMOS control transistor 120 and to the ground drain and source of the
PMOS progfamdd ansi 85 0PMOE0 collteelr sapach tohe 120oatlingg dgdtce CI30-R | TMPass
t hrough the gate oxi de between the floating gate 130 and the control gate
of the PMXFaontrolsicapaci tior R0 thye BeweeofNohdheMas ( EN} ttehnetpagl frocess
and into the substrate_ A description of the physics of the Fow er-Nordheim
(FN) tunngl iarg preeesstiks sebgd@idh i(n.6nit edhStates deamterio_abd2221362,
whi ch is incorporated herein by
isolated from the other active elements. The shorted gates of the
PMOS program transistor 110 and the PMOS control capacitor 120 are
collectively referred to as a “floating gate” 130. Charges (in
amounts that represent either a zero (“0”) representation or a one
(“1”) representation) may be written to the floating gate 130. In
order to avoid well bias interference, the PMOS program transistor

110 and the PMOS control capacitor 120 are each located in a

separate N well.



reference. [0007] FIGURE 2 illustrates a prior astructure 200 that
illustrates the use of a plurality of silicon nanocrysta's 210 on the
surface of a tunnel oxide 220 grown on a silicon substrate, The silicon
nanocrystals 210 function as the -floating gale The tunnel oxide 220 and
the siliron nanecrys als 210 are covered with a gate oxide 230. A control
gate 240 is | ocated above the gate oxide 230. [ 0008] During the rase
process, electrons will pass fromthe silicon nanocrystals 210 through the
gate oxide 230 to the control gate 240 by the Fow er-Nordhei m (FN)
tunneling process. The silicon nanocrystals 210 facilitate the passage of
the el ectrons through the gate oxide 230, [0009] Prior art silicon
nanocryst aic00x10 e byipicaldty reioler csphetbeal s orr hierdrs pleeiycahj e At 1§%i cal
hem spherical silicon nanocrystal geonetry shown in FIGURE The B

heni spherikcal asilicome najoeysitabngeonedr ynexposesitheydtar §ést. For PMOS
cross-section to the tunnel oxide 220 and provides the nost |ciedt charge

i nj ecti gpefromt heasubstrat en (Ppotushown. . 13heverasge processlisd | essthe
efficient likely because the electric field is uniformy distributed on the
top surfager-9i Lheesbhihconnaneg i &Zll:01 capacitor 120 and a high
voltage is applied to the source/well of PMOS program transistor
110. The channel of PMOS program transistor 110 is turned on and
hot electrons are generated at the high electric field region at
the drain junction (designated “Viy” in FIGURE 1). With positive
voltage on the control gate of PMOS control transistor 120, some
hot electrons with high energy will pass through the silicon-
silicon dioxide (Si-Si0,) potential barrier and be injected into
the floating gate 130.
[0006] The prior art memory cell 100 is erased by applying a
high voltage to the control gate of the PMOS control transistor 120
and to the ground drain and source of the PMOS program transistor
110. Electrons on the floating gate 130 will pass through the gate
oxide between the floating gate 130 and the control gate of the
PMOS control capacitor 120 by Fowler-Nordheim (FN) tunneling
process and into the substrate. A description of the physics of the
Fowler-Nordheim (FN) tunneling process 1is set forth in United

States Patent No. 5,225,362, which is incorporated herein by



[ 0010] Accordingly there is a need in the art for an inproved hon-volati e
menmory (NVM device (and nethod of manufacture) that increases the erase
efficiency while at the same tinme naintaining the advantages that are

provi ded by the hem spherical silicon nanocrystals. SUMVARY [00111 In
accordance wth one advant ageous enbodi nent, a nonvol atii.e nmenory device
is provided that:" :onprises a floating gate and a plurality of pyram dal

silicon nanocryst.als that are associated with the floating gate. El ectrons
are stored on the pyramdal silicon n- 1.0.cdr tals, Wen the non-volatiie
menory device perforns an erase process, the electrons tunnel fromthe
plurality of pyramdal silicon nanocrystals through a gate oxide |layer to a
control ~gatecpf=t he non-vol atile nmenory devi ce, [0012] A peak at the top
of each pyram da silicon na ocrytal concentrates an electrical field at the

peak to fagddAatereheet ron tunneki-adesThias aldions the eraseuptooess200 be
performed at a | ower tunneling voltage and at a |l ower tunneling tinme than

that of tﬂgicOhfﬁdgE de 4§%§e Lg@lglswepi@faelqoamfhgmm i naddathan sbpoadl y

the features an nic advant ages of the present disclosure so that

those skilled Ln Lhe. ald ey, hebt ek uadebst apd,d hen detaliied.Cansceiptaon

that foff'. FowsS ona ures and advantages of the disclosure w

be descrjbed, hereinafter that, f h bj ect of t, |.ai s, illed
'n the GHE ShoGPER ARt TEEIBEe CHat LRGSRy SF el |y ot e 25 hcent L oh and

h i fi i men i scl I .
the SpEEunngleg§§§2r525 é%é“%ﬂ%?%ql%%o% gggogrystals 210 are covered with

a gate oxide 230. A control gate 240 is located above the gate
oxide 230.

[0008] During the erase process, electrons will pass from the
silicon nanocrystals 210 through the gate oxide 230 to the control
gate 240 by the Fowler-Nordheim (FN) tunneling process. The silicon
nanocrystals 210 facilitate the passage of the electrons through
the gate oxide 230.

[0009] Prior art silicon nanocrystals 210 are typically either
spherical or hemispherical. A typical hemispherical silicon
nanocrystal geometry is shown in FIGURE 2. The hemispherical
silicon nanocrystal geometry exposes the largest cross—section to
the tunnel oxide 220 and provides the most efficient charge
injection from the substrate (not shown). The erase process is less
efficient 1likely Dbecause the electric field 1is uniformly

distributed on the top surface of the silicon nanocrystals 210.



for nodifying or desioning other structures for carrying out the sanme

pur poses descri bed herein. Those skilled in the art should also realize

t hat such equival ent constructions do not depart fromthe spirit and scope
of the present disclosure n its broadest [ 0014] Before under taking the
Det ai |l ed Description below, it nmay be advantageous to set for.h definitions
of certain words and phrases used throughout this patent docunent.: the
terms "include" and "conprise," as well as derivatives thereof, nean
inclusior without Iimtation; the term "or," is inclusive, neaning and/or;
t he phrases "associated with" and "associated therewith," as well as
derivatives thereof, may nean to include, be included wthin, interconnect
Wi th, contpioLolbercontal medy wi thdrg icornected drorthwi tlrt douphe topbvevedt h,
be conmuni cable with cooperate with, interleave, juxtapose, be proxinate
to, be hedndot ot 0reWhdhorpawevMhaverareper e tdfad ef theufakenrandthde
term"controller” nmeans any device, systemor part thereof that controls at

| east ong.epgLati PRe SHEL a £eVd LondPYvrie d N afmRniseehel nihar gwaneaifiingwar e
or software, or sone conbination of at |least two of the sane. It should

noted that t afrf'!ﬁ%_]te's_onﬁllé% Y a38saciafeb M bh ame hogabdpedrcdenst el yon
Definitions for certain words and phrases are provided throughout this

pat ent 988$g§g%ta1905e of ordinary skill in the art should understand that
in many, It n nost instances, such defThitiohs apply to prior uses, as
wel | as future uses, such defined words and. phrases.



BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0015] For a nore conplete
under st andi ng of the present disclosure, and the advantages thereof,
reference is now made to the followi ng descriptions taken in conjunction
wi th the accompanyi ng draw ngs, wherein |ike nunbers designate |ike
objects, and in which: [0016]FIGURE 1 illustrates a schematic di agram of a
orior art nmenory ell of an electrically erasable programmable. read only
menory (EEPROM device; [0017]FIGURE 2 is a. diagramillustratingcross
sectional side view of a. prior art structure having a plurality of
hem spherical silicon nanocrystals on the surface of a tunnel oxide of a
floating gate; [0018]FIGURE 3 is a diagramillustrating a cross sectional
SUMMARY

[0011] In accordance with one advantageous embodiment,

a non-volatile memory device is provided that comprises a floating
gate and a plurality of pyramidal silicon nanocrystals that are
associated with the floating gate. Electrons are stored on the
pyramidal silicon nanocrystals. When the non-volatile memory device
performs an erase process, the electrons tunnel from the plurality
of pyramidal silicon nanocrystals through a gate oxide layer to a
control gate of the non-volatile memory device.

[0012] A peak at the top of each pyramidal silicon nanocrystal
concentrates an electrical field at the peak to facilitate electron
tunneling. This allows the erase process to be performed at a lower
tunneling voltage and at a lower tunneling time than that of prior
art devices.

[0013] The foregoing has outlined rather broadly the features
and technical advantages of the present disclosure so that those
skilled in the art may better understand the detailed description
that follows. Additional features and advantages of the disclosure
will be described hereinafter that form the subject of the claims.

Those skilled in the art should appreciate that they may readily

use the conception and the specific embodiment disclosed as a basis



side view of a structure used t- manufacture the plurality of prior art
hem spherical sllicon nanocrystals shown in FI GURE 2; [0019] FIGURE 4 is
a diagramillustrating a cross sectional side view showing how a plural of
prior art hem spherical silicon nanocrystals are formed fromthe structure
shown in FIGURE 3; [0020]FIGURE 5 is a transmi ssion electron mcroscope
(TEM  photograph of a prior art hem spherical. silicon nanocrysta
[0021] FIGURE 6 is a diagramillustrating a cross sectional side view of a
structure that illustrates a plurality of pyram dal silicon nanocrystals on
the surface of a tunnel oxide of a floating gate in accordance with the
present. disclosure; [0022]FIGURE 7 is a diagramillustrating a cross
secti onabr modifying or designing other structures for carrying out the
same purposes described herein. Those skilled in the art should
also realize that such equivalent constructions do not depart from
the spirit and scope of the present disclosure in its broadest
form.
[0014] Before undertaking the Detailed Description below, it may
be advantageous to set forth definitions of certain words and
phrases used throughout this patent document: the terms “include”
and “comprise,” as well as derivatives thereof, mean inclusion
without limitation; the term “or,” is inclusive, meaning and/or;
the phrases “associated with” and “associated therewith,” as well
as derivatives thereof, may mean to include, be included within,
interconnect with, contain, be contained within, connect to or
with, couple to or with, be communicable with, cooperate with,
interleave, juxtapose, be proximate to, be bound to or with, have,
have a property of, or the like; and the term “controller” means
any device, system or part thereof that controls at least one
operation, such a device may be implemented in hardware, firmware
or software, or some combination of at least two of the same. It

should be noted that the functionality associated with any

particular controller may be centralized or distributed, whether



e view of a structure used to manufacture the plurality of pyram da
silicon nanocrystals shown in FIGURE 6; [0023]FIGURE 8 Is a diagram
illustratin a _Loss sectional side view showing an internmediate step in the
manufacture of a plurality of pyram dal silicon nanocrystals; [0024] FI GURE
9 is a diagramillustratingcross sectional side view show ng how a
plurality of pyramdal silicon |anocrTst.als are forned fromthe structure
shown in FlI GURE 8; [0025] FIGURE 10 is a transm ssion el ectron

m croscope (TEM photograph of a plurality of pyram dal silicon
nanocrystals; and [0026] FIGURE 11 is a diagramillustrating a

fl owmchart of an advantageous enbodi nent of a nethod of manufacturing

pyr ami debc$ily CON RARRENYS kS ihAtacsor danceemidin thedpr esenphdises osu e.

provided throughout this patent document, those of ordinary skill
in the art should understand that in many, if not most instances,
such definitions apply to prior uses, as well as future uses, of

such defined words and phrases.



DETAILED DESCRI PTI ON [ 0027] FI GURES 3 t hrough. 11 and the various

enbodi ments used to describe the principles of the present disclosure in
this patent docunment are by way of illustration only and should not be
construed in any way to limt the scope of the invention. Those skilled in
the art will understand. hat these pr cipies nay be inplemenced in any type
of suitably arrange non--volatile menory (N ) device, [0028] To sinplify
the drawi ngs the reference nunerals from previous drawings will sonetinmes
not be repeated for structures that have already been identified, [0029]To
better provide a. thorough explanation of the technical adcrantages, a
general description of the manufacture prior art hem spherical silicon
nanoc ystals will first.BReE8i BESCRIPTION OF THE DRAWINGS

[0015] For a more complete understanding of the present
disclosure, and the advantages thereof, reference is now made to
the following descriptions taken in conjunction with the
accompanying drawings, wherein like numbers designate like objects,
and in which:

[0016] FIGURE 1 illustrates a schematic diagram of a prior art
memory cell of an electrically erasable programmable read only
memory (EEPROM) device;

[0017] FIGURE 2 is a diagram illustrating a cross sectional
side view of a prior art structure having a plurality of
hemispherical silicon nanocrystals on the surface of a tunnel oxide
of a floating gate;

[0018] FIGURE 3 is a diagram illustrating a cross sectional
side view of a structure used to manufacture the plurality of prior
art hemispherical silicon nanocrystals shown in FIGURE 2;

[0019] FIGURE 4 is a diagram illustrating a cross sectional
side view showing how a plurality of prior art hemispherical
silicon nanocrystals are formed from the structure shown in FIGURE
3;

[0020] FIGURE 5 is a transmission electron microscope (TEM)



[0030] FIGURE 3 is a. diagramillustrating a cross sectional side view of
an internediate structure 300 used in the manufacture of the prior art
hem spherical. silicon nanocrystals 210 shown in FIGURE 2, A silicon
substrate 310 is provided with a tunnel oxide |ayer 320 forned (e.g.,
grown) on or over he silicon substrate 310. A |ayer of anorphous silicon
330 (also referred to as a-silicon 330) is fornmed (e.g., deposited) over
the tunnel oxide Ilayer 320 and a rapid thermal. anneal (ETA) process is
performed to forma plurality of hem spherical silicon nanocrysuais 410 by
aggi onei a,ion, as shown in FIGURE 4. [0031] FIGURES is ati m ssion.

el ectron m croscope (TEM photograph of a prior art hem spherical silicon
nanocr yshat ogAspis hoina i pir 6 CURE HeripHeanigtal ofiltibenbaseocofythel

hem spherical silicon. nanocrystal is approximately nine nanoneters (9 on)
and the hegigtiii s approxi satiel w fdveynanondl essrdidyna thogenseatiomal
pyram dal silicon nanocrystal may have a base that i5 in a range of
approxi gehigl yi &), gt Danoneien® (Batl)i1iastibteen nanonmtiens of1ppahnang my

ha:;,, a height that is in a. range of approxinmately eight nanoneters on)
to fifteen; 8@@%@%‘@4&%3 - the b0P8de RICREBNLS S diagiam ichbysif@ting
a cross sectiona si view of a structure 600 that illustrates a plurality

of pyram E?oaﬁ: L%&g%?g@gél)_ tfsﬁaé& 691106%4 esq:l guhgrface of a tunnel oxide

620 of a- unnel “oxi e pyram dal silicon

t d with a 0. 4
posi 11 oned BBle he>ght o oxtad &30' ecaﬁéieu% aind SR PELF P 5

are three di nensional structures t hey are descr. d as bein md
Tr ansmi $578n Yé1f8ct Mon 2ni CridkcolFé ( b cﬂ?rréjsgas htat}? Eﬁle Lga?/ i g%

pyramidal silicon nanocrystals shown in FIGURE 6;

[0023] FIGURE 8 is a diagram illustrating a cross sectional
side view showing an intermediate step in the manufacture of a
plurality of pyramidal silicon nanocrystals;

[0024] FIGURE 9 is a diagram illustrating a cross sectional
side view showing how a plurality of pyramidal silicon nanocrystals
are formed from the structure shown in FIGURE 8;

[0025] FIGURE 10 is a transmission electron microscope (TEM)
photograph of a plurality of pyramidal silicon nanocrystals; and

[0026] FIGURE 11 is a diagram illustrating a flowchart of an
advantageous embodiment of a method of manufacturing pyramidal

silicon nanocrystals in accordance with the present disclosure.
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nanocrvstals 610 haves non-rounded point ;or vertex) at the top. The
silicon nanocrystals 610 can be generally described as pol yhedral nanc rs
tals with an upwardly predating vertex. [ 0033] During the erase
process, electrons pr sent on the silicon nanocrystals will pass fromthe
ti ps of pyram dal silicon nanocrys,als 610 through the gate oxide 630 to
the oonrroi ciate 640 by the Fow er-Nordneim (FN) tunneling process. The
configuration and structure of the pyram dal silicon nanocrvstals 610
facilitate the passage of the electrons through the gate oxi de 630.

[ 0034] The shape of the pyram d-1 silicon n--ocrvstals 610 provides a
nanocrystal peak thereon which is |ocated adjacent to the control gate 640.
It will he appreciated that el eetmangpabesghireTront unnel through the gate
oxi de 630 froma peak of a pyram dal silicon nanocrystal 610 at a | ower
appl i ed VOQot@g;g t hapr cgaed red Ugi-pgghhel prizen arte hemsphes i eabosihécon
nanocrystal 210. This is because of the concentration of field lines at.

t he pe e i ili.con. nd roh gate
540, "1 st Fae e A T e e eaog ot o arb ok o X
hem spherjca iLLicon nanocr r I f.ar [ I byt r
the to %t??gcéo%¥ﬁ?%% ]5%1§éﬁ%§%éé%qgﬁfﬁgg%tgféhﬁg&?LéngngthPgmggEQ%g
reduction ip erase voltage as caonpared.to prior art as es S
al so al ?SQ\EQFH%geFESémFi gf@yt %obgﬁmel&ugcehae C%CO ar et t%ﬁ%or%gyglgj%%&gér%%%&
times, (0035] In addition, it wll_ be appCb%%$gt t he thickne§§ oﬂmgpqxgate

oxi de 636y bénchBEeR Tor eiletlf 155 Pie grhiese principles

implemented in any type of suitably arranged non-volatile memory
(NVM) device.

[0028] To simplify the drawings the reference numerals from
previous drawings will sometimes not be repeated for structures
that have already been identified.

[0029] To better provide a thorough explanation of the
technical advantages, a general description of the manufacture of
prior art hemispherical silicon nanocrystals will first be given.

[0030] FIGURE 3 is a diagram illustrating a cross sectional
side view of an intermediate structure 300 used in the manufacture
of the prior art hemispherical silicon nanocrystals 210 shown in
FIGURE 2. A silicon substrate 310 is provided with a tunnel oxide
layer 320 formed (e.g., grown) on or over the silicon substrate
310. A layer of amorphous silicon 330 (also referred to as a-

silicon 330) is formed (e.g., deposited) over the tunnel oxide

-11-



disturb and read disturb effects. The use of pyram dal --shaped silicon
nanocrystals inproves the efficiency of the erase process (in terns of

| oner erase voltages and | ower erase tinmes) while essenti-cliv maintaining
t he advantages provided by the prior art hem spherical silicon nanocrystal
210. [O0036]FIGURE 7 is a diagramillustrating a cross sectional sicieview
of . an internediate structure 700 used in the manufacture of the

pyr am dal - shaped silicon nanocrystais 610 shown i.n FIGJURE 6. A silicon
substrate 110 is provided with a tunnel oxirie layer 720 forned (e.qg.,
grown) on or over the silicon substrate 710. A layer of a--silicon 730 is
formed (e.g., deposited) over the tunnel oxide |ayer 720 to form the
resul timgystr et usied 700;armis]l shewmaln akhGWRE (RODB 7 Asrand des gErposinedono
process is perfornmed to form a deposited oxide |ayer 820 over a plurality
of brickoshapedo(€r8i ity ectrangsth asprshaned opilecdbanguhacreybald) 4gid ilepns

al s 810,
agglomeration, as shown in FIGURE 4.

[0031] FIGURE 5 is a transmission electron microscope (TEM)
photograph of a prior art hemispherical silicon nanocrystal.
As shown in FIGURE 5, the length of the base of the hemispherical
silicon nanocrystal is approximately nine nanometers (9 nm) and the
height 1is approximately five nanometers (5 nm). In general, a
pyramidal silicon nanocrystal may have a base that is in a range of
approximately eight nanometers (8 nm) to fifteen nanometers (1l5nm)
and may have a height that is in a range of approximately eight
nanometers (8 nm) to fifteen nanometers (15 nm).

[0032] FIGURE 6 is a diagram illustrating a cross sectional
side wview of a structure 600 that illustrates a plurality of
pyramidal silicon nanocrystals 610 disposed on the surface of a
tunnel oxide 620 of a floating gate. The tunnel oxide 620 and the
pyramidal silicon nanocrystals 610 are covered with a gate oxide
630. A control gate 640 is positioned above the gate oxide 630.
Because the silicon nanocrystals 610 are three dimensional

structures they are described as being pyramidal. Transmission

electron microscope (TEM) pictures show that the silicon
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as shown in FIGURE 8. The ozi de deposition process is followed by a rapid
thermal anneal (RTA) process and a furnace anneal. The asil. con 730 and
the tunnel oxide 720 can be sputtered or deposited. The rapid thermal
anneal (RTA) can be done at a tenperature between ei ght hundred degrees
Cel sius (800C) and nine hundred degrees Celsius (900C) for up to_y seconds
(50 sec). The furnace anneal can be fifteen mnutes (15 mn) of annealing
at a tenperature of one thousand fifty degrees Cel sius (1050C). During the
anneal, the a-silico 730 recrystallizes to formthe nanocrystals 810.

[ 0038] An anneal process. such as a steam anneal py-ocess, is perfornmed to
formthe pyram dal -shaped silicon nanocrvstals 910 fromthe brick-shaped

(e.g,, hecbangstarsshapethws o ecirangulratecyhdingd) (sirl veoneranecr yis¢ atse 810.
I n one enbodi nent, the anneal process includes wet oxidation at a

t enper atyee of 1 appr oxidmiel s thilre lBuodr egdnansk f iddne dagreesieGeksbas (850 O
in Ei fifteen to twenty percent (15% 20% diluted water vapor for about

fifte?“pﬁl%ﬂé&?al naié%%%ﬂtgigfﬁfﬁﬂnéﬂ'H@w%&@ﬂ@t%bﬁn@@ggaﬂ@rtbﬁ.‘re‘ -I'ng
pyram dal shapet ilicon nanocrystals 910 after stripping off the top oxide

I s then foflrdsﬂ%g OVE'S@&;H}? tupnel , pxide 720 .a0d the QA d%5e§ie1l1fc%- the

nanocrysta 0. control gate [ayer ?nof shown in FIGURE 9) is then

formed g¥f£cégen§§gg}§g%§¥%lﬁ@f%'pass from the tips of pyramidal silicon

nanocrystals 610 through the gate oxide 630 to the control gate 640
by the Fowler-Nordheim (FN) tunneling process. The configuration
and structure of the pyramidal silicon nanocrystals 610 facilitate
the passage of the electrons through the gate oxide 630.

[0034] The shape of the pyramidal silicon nanocrystals 610
provides a nanocrystal peak thereon which is located adjacent to
the control gate 640. It will be appreciated that electrons are
able to tunnel through the gate oxide 630 from a peak of a
pyramidal silicon nanocrystal 610 at a lower applied voltage
than required using the prior art hemispherical silicon nanocrystal
210. This is because of the concentration of field lines at the
peak of the pyramidal silicon nanocrystal 610 and the control gate
640. In contrast, the electric field lines in the case of a prior
art hemispherical silicon nanocrystal 210 are more uniformly
distributed over the top surface of the hemispherical silicon

nanocrystal 210. The pyramidal geometry facilitates electron
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[ 0040] The sequence of processing as described herein. is Lhle with
conventional processing for nanocrvstal ion-volatile nmenory NvV1',1)
formation. The size of the pyram dal silicon nanocrystals 910 depends on
the | ayer thicknesses and the anneal conditions. |In one advantagenbodi nment
of the invention, the sizei thickness of the pyram dal silicon nanocrystais
910 is approximately ten nanoneters (10 nn). [O0041]FIGURE 10 is a

transm ssion el ectron m croscope (TEN) photograph 1000 of a. plurality of
pyram dal silicon nanocrystais 610, 910. The pyram dal silicon nanbc...
stals 610, 910 shown in FIGURE 10 are of a suitable size for non-volatile
menory (NUN) applications, In one enbodinent, the pyram dal silicon
nanocrystahsl hiayea a1 basea havingt aoh engt brafe aboutayaveh v ecoamaret ers (12

nif) and a height of about fourteen nanometers (14 nm. O her suitable
di mensi gpsopay rPecuhkbi Z8dtages. This also allows the erase time to be
reduced compared to prior art erase times.

[0035] In addition, it will be appreciated that the thickness of
the gate oxide 630 may be chosen or selected to prevent program
disturb and read disturb effects. The use of pyramidal-shaped
silicon nanocrystals improves the efficiency of the erase process
(in terms of lower erase voltages and lower erase times) while
essentially maintaining the advantages provided by the prior art
hemispherical silicon nanocrystals 210.

[0036] FIGURE 7 is a diagram illustrating a cross sectional
side view of an intermediate structure 700 used in the manufacture
of the pyramidal-shaped silicon nanocrystals 610 shown in FIGURE 6.
A silicon substrate 710 is provided with a tunnel oxide layer 720
formed (e.g., grown) on or over the silicon substrate 710. A layer
of a-silicon 730 is formed (e.g., deposited) over the tunnel oxide
layer 720 to form the resulting structure 700, as shown in FIGURE
7.

[0037] An oxide deposition process is performed to form a
deposited oxide layer 820 over a plurality of brick-shaped (e.g.,

rectangular-shaped or rectangular cuboid) silicon nanocrystals 810,

_14_.



[0042] FIGURE 11 is a di gramillustrating a flowhart 1100 of an

advant ageous enbodi nent of a nethod of manufacturing the pyram dal silicon
nanocr stals 610, 910, The flowchart 1100 summarizes the manufacturin..,
steps that have been previously described, [0043] A silicon substrate
710 is provided (step MO, a tunnel oxide layer 720 is formed thereover
(step 1120), and a |l ayer of a--silicon 730 is forned over the tunnel oxide
r 720 (step 1130). A series of deposition and anneal steps is perfornmed to
formthe pyram dal - shaped silicon nanocrystals. In one enbodinment, this
process includes an oxide deposition process and a rapid thernmal anneal
(RTA) process which fornms a. plurality of brick-shaped (e.g.,

rect angakashshaped DIGURTSangukapx tdadbola)ossitdiiccoprnanssrystiallsd @0 Pgtep
1140) and an anneal process (e.g,, steam anneal) that subsequently forns

the pyranmbdal +shaped sinhiceon. (RTANOGYSIalss LD £ r omtdres baicka shaped {e. g.,
rect angul ar--shaped or rectangul ar cuboid) silicon nanocrystals (step

1150) . 5111 EQR44130A gt e cxi da drayier ok sad ormed Qverpéhepluraekdoxidectayer
720 and the pyram dal silicon na crystals 910 (step 1160) and a co Lrol

gat e 'aﬁsgoéﬁtéaf”‘iﬁx ove gat e oxiAe 1.65k8R 1146)) cad 0845]ddnam bl be

under st ood that wel (inomn processes have not
temperature between eight hundred degrees Celsius (800°C) and nine
hundred degrees Celsius (900°C) for up to sixty seconds (60 sec).
The furnace anneal can be fifteen minutes (15 min) of annealing at
a temperature of one thousand fifty degrees Celsius (1050°C) .
During the anneal, the a-silicon 730 recrystallizes to form the
nanocrystals 810.

[0038] An anneal process, such as a steam anneal process, 1is
performed to form the pyramidal-shaped silicon nanocrystals 910
from the brick-shaped (e.g., rectangular-shaped or rectangular
cuboid) silicon nanocrystals 810. In one embodiment, the anneal
process includes wet oxidation at a temperature of approximately
nine hundred and fifty degrees Celsius (950 °C) in a fifteen to
twenty percent (15%-20%) diluted water vapor for about fifteen
minutes.

[(0039] The resulting structure 900 and the resulting pyramidal-

shaped silicon nanocrystals 910 after stripping off the top oxide

are shown in FIGURE 9. A gate oxide layer (not shown in FIGURE 9)
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been described in detail and have been omtted for brevi Although specific
steps, structures and materials nmay have been descri bed, the present,

di sclosure may not be limted to these specifics, and others may he
substituted as is well understood by those skilled in the art. [ 0046]
VWil e this disclosure has described certain enbodi nents and generally
associ ated nethods, alterations and pernutations of these enbodi nents and
nmet hods will be apparent to those skilled in the art. Accordingly, the
above description of exanple enbodi nents does not define or constrain this
di scl osure, Ot her changes, substitutions, and alterations are al so possible
w t hout departing fromthe spirit and scope of this disclosure, as defiled
by the foltwihdrch@d®ver WHAE ESnEEAl MEDIE S724. dhdretrhogyebmapet a1 higcon

anon-vol atile menory device herein the nethod conprises
nanocrystals 910. A control gate layer (not shown in FIGURE 9) is
then formed over the gate oxide layer.

[0040] The sequence of processing as described herein 1is
compatible with conventional processing for nanocrystal non-
volatile memory (NVM) formation. The size of the pyramidal silicon
nanocrystals 910 depends on the layer thicknesses and the anneal
conditions. In one advantageous embodiment of the invention, the
size and thickness of the pyramidal silicon nanocrystals 910 1is
approximately ten nanometers (10 nm).

[0041] FIGURE 10 is a transmission electron microscope (TEM)
photograph 1000 of a plurality of pyramidal silicon nanocrystals
610, 910. The pyramidal silicon nanocrystals 610, 910 shown in
FIGURE 10 are of a suitable size for non-volatile memory (NVM)
applications. In one embodiment, the pyramidal silicon
nanocrystals 610 have a base having a length of about twelve
nanometers (12 nm) and a height of about fourteen nanometers
(14 nm). Other suitable dimensions may be utilized.

[0042] FIGURE 11 is a diagram illustrating a flowchart 1100 of

an advantageous embodiment of a method of manufacturing the

pyramidal silicon nanocrystals 610, 910. The flowchart 1100
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t he steps of providing at | east one pyram dal silicon narnerystal
within a floating gate of the non-volatile nmenory device, the at | east one
pyram dal silicon nanocrystal formed during formation of the floating gate;
perform ng an erase operation mwhich electrons tunnel through a gate oxide
| ayer of the non-volatile nmenory device fromthe at |east one pyram dal

silicon n crystal; wherein th PYr tidal silicon nanocrystal conprises
an upward pointing peak that concentrates an electrical field at the peak
of the pyrami dal silicon nartocrystal; and wherein the peak of the

pyram dal silicon nanocrystal allows electrons to tunnel through the gate
oxide layer at a |lower tunneling voltage than that required for el ectrons
t unnel i ignhisi o @s hetties phenucaktsiri hgonshapecriytsttal have been preheusist hod
that is set forth in Caiml wherein the peak of the pyramdal silico
nanocryséabrabdOws el ectrons to tunnel through the gate oxide |ayer with a
shorter tunneling tine than that required for electrons tunneling froma

hem spheri@alsa3i | i consinanogr ystakc -3cA neihodi of aperiatdang (acepn-vol@t,ile
menory device, the nethod conpri ses.
a tunnel oxide layer 720 is formed thereover (step 1120), and
a layer of a-silicon 730 is formed over the tunnel oxide layer 720
(step 1130). A series of deposition and anneal steps is performed
to form the pyramidal-shaped silicon nanocrystals. In one
embodiment, this process includes an oxide deposition process and a
rapid thermal anneal (RTA) process which forms a plurality of
brick-shaped (e.g., rectangular-shaped or rectangular cuboid)
silicon nanocrystals 810 (step 1140) and an anneal process (e.g.,
steam anneal) that subsequently forms the pyramidal-shaped silicon
nanocrystals 910 from the brick-shaped (e.g., rectangular-shaped or
rectangular cuboid) silicon nanocrystals (step 1150).
[0044] A gate oxide layer is formed over the tunnel oxide layer
720 and the pyramidal silicon nanocrystals 910 (step 1160) and a
control gate layer is formed over the gate oxide layer (step 1170).
{0045] It will be understood that well known processes have not
been described in detail and have been omitted for brevity.

Although specific steps, structures and materials may have been

described, the present disclosure may not be limited to these
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provi di ng non-vol atile nenory device having a floating gate;

providing within the flowing gate a plurality of pyramdal silicon
nanocrystals operable for storing electrons the plurality of pyram dal
silicon nanocrystals fornmed during formati on of the floating gate:
perform ng an erase operation in which the electrons tunnel through a gate
oxi de layer of the non-volatile nenory device fromthe plurality of

pyram dal silicon nanocrystals; wherein each of the plurality of
pyram dal silicon nanocrystals conprises an upward pointing peak that
concentrates an electrical field at the peak of the pyram dal silicon
nanocrystal ; and wherein the peaks of the pyram dal silicon

nanoer yspatsfats pwan€l @eidonandp daimneds dinrough ashe sgaté loxnderbayed &t a
| oner tunneling voltage than that required for electrons tunneling froma
hem spherbgal sgiliconinanacrysst al . 4. The nmethod that isherein the
peaks of the pyratnidat silicon

[0046] While this disclosure has described certain embodiments
and generally associated methods, alterations and permutations of
these embodiments and methods will be apparent to those skilled in
the art. Accordingly, the above description of example embodiments
does not define or constrain this disclosure. Other changes,
substitutions, and alterations are also possible without departing

from the spirit and scope of this disclosure, as defined by the

following claims.
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nanocrystals allow el ectrons to tunnel through the gate oxide layer with a
shorter tunneling tine than that required for electrons tunneling froma
hem spherical silicon nanoerystal. 5. The nmethod as set forth in
Claim|l wherein each of the plurality of pyramdal silicon nanocrystals has
a base that is approximtely twelve nanorneters (12 nrn) and a hei ght that
is approximately fourteen na ) etl 4 rim, 6. A nethod of formng a
floating gate structure of a non--volatile nenory device, the nethod
conprising: formng a tunnel oxide |ayer on a silicon sub depositing

anor phous silicon over the tunnel oxide layer; fanning a plurality at

sili co%ﬁ%r}oﬁéﬁmli f&m t he anor phous silicon,

1. A method of operating a non-volatile memory device wherein the method comprises
the steps of:

providing at least one pyramidal silicon nanocrystal within a floating gate of the non-volatile
memory device, the at least one pyramidal silicon nanocrystal formed during formation of the
floating gate;

performing an erase operation in which electrons tunnel through a gate oxide layer of the
non-volatile memory device from the at least one pyramidal silicon nanocrystal;

wherein the pyramidal silicon nanocrystal comprises an upward pointing peak that
concentrates an electrical field at the peak of the pyramidal silicon nanocrystal; and

wherein the peak of the pyramidal silicon nanocrystal allows electrons to tunnel through the
gate oxide layer at a lower tunneling voltage than that required for electrons tunneling from a

hemispherical silicon nanocrystal.

2. The method that is set forth in Claim 1 wherein the peak of the pyramidal silicon
nanocrystal allows electrons to tunnel through the gate oxide layer with a shorter tunneling time than

that required for electrons tunneling from a hemispherical silicon nanocrystal.

3. A method of operating a non-volatile memory device, the method comprises:
providing non-volatile memory device having a floating gate;
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shapi ng each of the plurality of licon nanocrystals into a pyram dal shape

by perform ng a wet oxidation anneal process; formng a gate oxide
| ayer over the pyram dal shaped silicon nanocrystals to forma floating
gate; and ing a control gate |ayer ovelig gate. 7. The nethod as set

forth in Gaim6 wherein formng the plurality of silicon nanocrystals
conpri ses; depositing oxide over the anorphous silicon; and performng a
t henual anneal process to formthe silicon nanocrystals. 8. The
met hod as set forth in aim7 where performng a thermal process
conpri ses:
providing within the floating gate a plurality of pyramidal silicon nanocrystals operable for
storing electrons, the plurality of pyramidal silicon nanocrystals formed during formation of the
floating gate;
performing an erase operation in which the electrons tunnel through a gate oxide layer of the
non-volatile memory device from the plurality of pyramidal silicon nanocrystals;
wherein each of the plurality of pyramidal silicon nanocrystals comprises an upward pointing
peak that concentrates an electrical field at the peak of the pyramidal silicon nanocrystal; and
wherein the peaks of the pyramidal silicon nanocrystals allow electrons to tunnel through the

gate oxide layer at a lower tunneling voltage than that required for electrons tunneling from a

hemispherical silicon nanocrystal.

4. The method that is set forth in Claim 3 wherein the peaks of the pyramidal silicon
nanocrystals allow electrons to tunnel through the gate oxide layer with a shorter tunneling time than

that required for electrons tunneling from a hemispherical silicon nanocrystal.

5. The method as set forth in Claim 1 wherein each of the plurality of pyramidal silicon
nanocrystals has a base that is approximately twelve nanometers (12 nm) and a height that is

approximately fourteen nanometers (14 nm).

6. A method of forming a floating gate structure of a non-volatile memory device, the
method comprising:
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performng a rapid thermal anneal process; and perform ng a furnace anneal,
9. The nethod as set forth in Gaim8 wherein the rapid thermal anneal
process is to a tenperature of between about 800 degrees Cel sius and about

900 degrees Cel sius. -21-

forming a tunnel oxide layer on a silicon substrate;

depositing amorphous silicon over the tunnel oxide layer;

forming a plurality of silicon nanocrystals from the amorphous silicon,

shaping each of the plurality of silicon nanocrystals into a pyramidal shape by performing a
wet oxidation anneal process;

forming a gate oxide layer over the pyramidal shaped silicon nanocrystals to form a floating
gate; and

forming a control gate layer over the floating gate.

7. The method as set forth in Claim 6 wherein forming the plurality of silicon
nanocrystals comprises:
depositing oxide over the amorphous silicon; and

performing a thermal anneal process to form the silicon nanocrystals.

8. The method as set forth in Claim 7 wherein performing a thermal anneal process
comprises:
performing a rapid thermal anneal process; and

performing a furnace anneal.

9. The method as set forth in Claim 8 wherein the rapid thermal anneal process is to a
temperature of between about 800 degrees Celsius and about 900 degrees Celsius.
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