NON-VOLATILE MEMORY USING PYRAMIDAL NANOCRYSTALS AS
ELECTRON STORAGE ELEMENTS TECHNICAL FIELD [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 MCNmMEOIHT IdR|. MEMORYalls INGMPHRAMINAHevices that
utilize a chalNAYOCR SR ISh KSHELERIRON (S DORSSAr EREMIENTS. 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 FERSHNaheifiERPeling process are efficient.

However, the Fowler-Nordheim tunneling process has a low read
RPOthandes 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 wutilize 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.



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

conventional non-volatile memory (NVM) devices. -1 [0003] FIGURE 1

illustrates a schematic diagram of a prior art memory cell 100 of an

electrically erasable programmable read only memory (EEPROM) device.

Memory cell 100 includes one P-channel metal oxide semiconductor

(PMQS) transistor 110 and one P-channel metal oxide semiconductor

(PMOS) capacitor 120. The PMOS capacitor 120 is formed by connecting

[0§&BEr the Seurte, draihlangt sabstrate efcPMOSdratisistorf00d4|aTierior art

PMOS transistor 110 may be referred to as PMOS program transistor 110,
memwhife teel PMOS capagitorcl2@ maydee Ireferredstdodas PMOScontoble read only

capacitor 120. The gate of the PMOS program transistor 110 and the gate of
memthreyP MEBRISIto| cepaciter. 1¥erape conrretiedltbfetherc(.edshoted P-channel

together) and are isolated from the other active elements. The shorted gates
meteflthexPNO S prograndtransistof AMOAnd- therPMOS conitidl capdcitorel 20-channel

are collectively referred to as a "floating gate” 130. Charges (in
metal oxide semiconductor (PMOS) capacitor 120. The PMOS capacitor

120 is formed by connecting together the source, drain and
substrate of a PMOS transistor.

[0004] The PMOS transistor 110 may be referred to as PMOS
program transistor 110, while the PMOS capacitor 120 may be
referred to as PMOS control capacitor 120. The gate of the PMOS
program transistor 110 and the gate of the PMOS control capacitor
120 are connected together (i.e., shorted together) and are
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.



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. -2 [0005] The prior art
memory cell 100 is written to by injecting drain avalanche hot electrons into
the floating gate 130. For PMOS operation (as shown in FIGURE 1) a low
voltage is applied to the control gate and drain of PMOS control capacitor
[Q0CH1d artighpvaltagesistappiied®e the souddedwels oPM@Smprograny injecting
transistor 110. The channel of PMOS program transistor 110 is turned on
draamd chot Blecttonshare gensratechat thetugh efectriofi¢ldregmntat ihdraior PMOS
junction (designated "V1NJ" in FIGURE 1) . With positive voltage on the
opegeritich gaterof BRIQS: camtrdl IEMsIStAr 120, Somevhoteleetrams with highl to the
energy will pass through the silicon- silicon dioxide (Si-Si02) potential barrier
congpid be ijected ivto dthe floatidg gifeS13pontrol 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 “Viys” 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 1is incorporated herein by



[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 is set forth in United States Patent
refNoeb 225,362, which is incorporated herein by -3 reference. [0007] FIGURE

2 illustrates a prior art structure 200 that illustrates the use of a plurality of

BlROM Inandciystals 210 on thes suddcesof atunpelioxide 220 growtmrorcaure 200

silicon substrate. The silicon nanocrystals 210 function as the "floating gate."
thaThe lilmaekexide 220-and theoSilieor hanathysyals 2 19idreccovered avitty stals 210

gate oxide 230. A control gate 240 is located above the gate oxide 230.
on the surface of a tunnel oxide 220 grown on a silicon substrate.

The silicon nanocrystals 210 function as the “floating gate.” The
tunnel oxide 220 and the silicon nanocrystals 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 1s 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.



[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
[&Qe6{ crass=sectiondoOythettuanel oxide 226 andiprovidesdhe nfost efficiemiproved
charge injection from the substrate (not shown). The erase process is less
nonefficieat likely hevause tHe/@lectiieviietetis (wmfbrmbyc ldistribdtedaonithedtopre) that
surface of the silicon nanocrystals 210. -4 [0010] Accordingly, there is a
incheed fsthelart for apeinpréved aroryvolatiéanemonhNVRIeevicegand intaining
method of manufacture) that increases the erase efficiency while at the
thesapsbrtmeanaintainig theradvamagesehat Are providetebyi thgherical silicon

hemispherical silicon
nanocrystals.



nanocrystals. -5 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 SapMABANCh pyramidal silicon
nanocrystal concentrates an electrical field at the peak to facilitate electron
[9®idliihg. This allowsotheécerase process todreperfoimedtatgeloner embodiment,
tunneling voltage and at a lower tunneling time than that of prior art devices.

a nfeei8pThe fdregommephas deatlined rathevibruadlydhe featuresnandstechnicalloating

advantages of the present disclosure so that those
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



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 -6 for 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
fordepait. froim theospiritandrsdope oftthepresent disclesure aritsbroagesty out the
form. [0014] Before undertaking the Detailed Description below, it may be
samadvantageous tosetforthedefindionsof c&ttainavords ahddphrasesesesrt should
throughout this patent document: the terms "include" and "comprise," as well
alsas denrvatiesttherecf urleandndlusioan withouslimitatiowrthedermdor,digpart from
inclusive, meaning and/or; the phrases "associated with" and "associated
thetherewith," asnwelb asrierivatives ¢herests ardy rAearr ioipieliele Lbe inclidég oadest
within,
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”

(4

and “comprise,” as well as derivatives thereof, mean inclusion

4 n”

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



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
locedrtroller maynbe eentralized or distributéd,rwhethies i47 lecallisorreinatehases are
Definitions for certain words and phrases are provided throughout this patent
prodocigrent, thosghafwordinams skill tiarthe dvtcshouid undérstandothad mmaay yif skill
not most instances, such definitions apply to prior uses, as well as future
in Gées, of tsuchadefihedrwerds taanddphrases. -8 BRIEFR DESCRIPTIONCOETHENnCces,

DRAWINGS [0015] For a more complete understanding of the present
such definitions apply to prior uses, as well as future uses, of

such defined words and phrases.



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 BRAEFOMESCRIRTINN; (U0 1BHEIGBRELBGSa diagram

illustrating a cross sectional side view of a structure used to manufacture the

Ph@ahty of prar axt hemisphericabsikcon nanderystatsishown iIPEIGURE 2present

[0019] FIGURE 4 is a diagram illustrating a cross sectional side view
disstioweinghowaa plurakty af protaddentispherical silicormnanoerystalsiare made to

formed from the structure shown in FIGURE 3;
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 1is a diagram illustrating a cross sectional
side wview 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)



[0020] FIGURE 5 is a transmission electron microscope (TEM) -9

photograph of a prior art hemispherical silicon nanocrystal; [0021] FIGURE 6

is a diagram illustrating a cross sectional side view of a structure that

illustrates a plurality of pyramidal silicon nanocrystals on the surface of a

tunnel oxide of a floating gate in accordance with the present disclosure;

[0022] FIGURE 7 is a diagram illustrating a cross sectional side view of a

structure used to manufacture the plurality of pyramidal silicon nanocrystals
phoshaya ihFEEUREG; {002 3] GURE Sdsardiagiam illustrating arncrosy stal;

sectional side view showing an intermediate step in the manufacture of a

ph@akdy of pyr@niidal silicon ranbicrystals; [DD24EEGIURED i addiagramsectional

illustrating a cross sectional side view showing how a plurality of pyramidal
s idsilicorenandcrysiats are dformed from theustructtirsskown iy FIGUREE; pyramidal

[0025] FIGURE 10 is a transmission electron microscope (TEM) photograph
silefapluralityofpyramidalsilicon mandorystalst andtunnel oxide of a floating

gate in accordance with the present disclosure;

[0022] FIGURE 7 is a diagram illustrating a cross sectional
side wview of a structure used to manufacture the plurality of
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 §;

[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.

~10-



[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. -10 DETAILED DESCRIPTION

[0027] FIGURES 3 through 11 and the various embodiments used to

describe the principles of the present disclosure in this patent document are

by way of illustration only and should not be construed in any way to limit the

scope of the invention. Those skilled in the art will understand that these

principles may be implemerbE&TAILBPtYDESERIRIBYNrranged non-volatile

memory (NVM) device. [0028] To simplify the drawings the reference

ROZSHhIs froRT @revisusdrawimgsiwill sGrhetiares notiee repeateddor embodiments

structures that have already been identified. [0029] To better provide a
usethorougheexplabatioef theltechpicad advanthgepregendrafidescriptionofin this

the manufacture of prior art hemispherical silicon nanocrystals will first be
patgigendocument are by way of illustration only and should not be
construed in any way to limit the scope of the invention. Those
skilled in the art will understand that these principles may be
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-



[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 layer 320 and a rapid thermal anneal (RTA) process is performed to form
laya pluralitysofdemispherca isdicoaInanoceystal sRIIAQ) by raggiemetatiope aSormed to

shown in FIGURE 4. [0031] FIGURE 5 is a transmission electron microscope
for(MEM) photegraph ofce priverattsivérispheficas silicom nanoenystaly Asadlsowhl 0 by

in FIGURE 5, the length of the base of the hemispherical silicon nanocrystal
aggiscappreximately aines manoniete iSI(OURM) and the height is approximately

five manometers (5 nm). In general, a pyramidal silicon nanocrystal may

Q8 klbase R&ES in alrange of rapprokipsdtely efghtt prarrometérs(8sany¢o (TEM)

fifteen manometers (I5nm)
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 (15nm)
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 view 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

-12-



and may have a height that is in a range of approximately eight manometers
(8 mm) to fifteen manometers (15 mm). [0032] FIGURE 6 is a diagram
illustrating a cross sectional side view 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
nanpangcrystals Glateathwee dimensional dsttucturestthey arerdeseribedhas the top.
being pyramidal. Transmission electron microscope (TEM) pictures show
Thethat the sificon nd2aranoetystals 6l00haveaa norerouneledpointy(or vedex)isted as
the top. The silicon nanocrystals 610 can be generally described as
polpblghedral nanocrystatswith ahtupveardiyopsintidy vertex: {0033 vBurirgthe
erase process, electrons present on the silicon nanocrystals will pass from
(00 883 of Rwarhidal silicon ervarerystads- 616 throulghthe gate oxides 680 toon  the

the control gate 640
silicon nanocrystals will 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

~13-



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
tunprdriarty hemisphétioalssiliconaranoctystal 1 21 &: ridis isshecauge of thecompared to

concentration of field lines at the peak of the pyramidal silicon nanocrystal
pri610 amd thercordrol gatea $46. Inldontrast] tlve eléttricSietthknesrintke taseofto be

a prior art hemispherical silicon nanocrystal 210 are more uniformly
reddistributedhpvercthiettop suiface af theelemispberieal silicon nanocrystal 210.

The pyramidal geometry facilitates electron -13 tunneling and allows a

[8@3&ibn imerssdivoltage as comphrbd teopricrcdre erab el voltagess This alsoess of

allows the erase time to be
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-



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
as ibstratinghalcTeSRBedtiondteside Miew af andntermediatecstructure 700 Usedd by a

in the manufacture of the pyramidal-shaped silicon nanocrystals 610 shown
rapindFIGUIRES] Assifiecn sulistiale P10 =provided withfautunaekoxadetsyer The a-—

720 formed (e.g., grown) on or over the silicon substrate 710. A layer of
s1ilasilicory 380 isrfdrmedee.gudepbsited) dver 1RO tunael oxile slkayet#2@t or CVD

form the resulting structure 700, as shown in FIGURE 7. [0037] An oxide
depdepdsition pideessrispetforhiert tosformpa ndapositeddxide dayer 820 ovenra at a

plurality of brick-shaped (e.g.,
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 wvapor 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)

~-15-—



rectangular-shaped or rectangular cuboid) silicon nanocrystals 810, -14 as

shown in FIGURE 8. The oxide deposition process is followed by a rapid

thermal anneal (RTA) process and a furnace anneal. The a- silicon 730 and

the tunnel oxide 720 can be sputtered or CVD deposited. The rapid thermal

anneal (RTA) can be done at a temperature between eight hundred degrees

Celsius (800C) and nine hundred degrees Celsius (900C) for up to sixty

seconds (60 sec). The furnace anneal can be fifteen minutes (15 min) of
is ahrealihgrated temperatiee ofiane thausamd fifR0degreesiCelsius {1A56C).silicon

During the anneal, the a-silicon 730 recrystallizes to form the nanocrystals
nan®i(.y{6038]sAR ahnedl prooéss; sughtas d steam dnoéalproeessiis FIGURE 9) is

performed to form the pyramidal-shaped silicon nanocrystals 910 from the
thebridleshaped(ecy., réctangular-shiaped drseetangular cuboid) silicon

nanocrystals 810. In one embodiment, the anneal process includes wet

@ibn affatempernareef approximatsly shing hurgliredahedfiffyedegleesein  is

Celsius (950 C) in a fifteen to

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 is
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

~16—



twenty percent (150-200) 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) -15 is then formed over the tunnel
oxide 720 and the pyramidal silicon 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 is compatible with
sumganventienat processingffernamdcrystat hepsvotatilketmenzory (NYM) previously
formation. The size of the pyramidal silicon nanocrystals 910 depends on the
deslayepthicknesses and the anneal conditions. In one advantageous
embodiment of the invention, the size and thickness of the pyramidal silicon
R@é3dystals 9EG isi approximately taremahbbnetess (X0 rm) @041 FIGYUREL 110),
10 is a transmission electron microscope (TEM) photograph 1000 of a
a tplorality ofpydamidalsilicond Handcrystalsmed 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 Dbeen 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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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 manometers (12 nm) and a height of about fourteen

manometers (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
spe6lid,i9ld, Taedlowdharts11G0, -b6 sanimsarizesttheé manufactusiny) stepsthat ood by

have been previously described. [0043] A silicon substrate 710 is provided
thofstep110)xda tunnehexidetdayer 720 is formed thereover (step 1120), and a

layer of a-silicon 730 is formed over the tunnel oxide layer 720 (step 1130).

RO8dreds of depositioh ahdidrmiead steps sgperfbrmediteforpetheain embodiments

pyramidal-shaped silicon nanocrystals. In one embodiment, this process
andingkiesahloxide deposition preddssdind @ lterations 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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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
WHARyESisODAIMBDVESthe 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 fhesen-Vodpdacifics, andtiyerdanay be Substitttedbas swell
understood by those skilled in the art. [0046] While this disclosure has
describedadertdin eatisodimentss andrgerrsa\t adsocidtedmethpdsnidal silicon

alterations and permutations of
nanocrystal.

2. The non-volatile memory device that is set forth in Claim
1 wherein the at least one pyramidal silicon nanocrystal is located

on a tunnel oxide layer of the floating gate.

3. The non-volatile memory device that is set forth in Claim
2 comprising a gate oxide layer that is formed over the tunnel
oxide layer and over the at least one pyramidal silicon

nanocrystal.

4. The non-volatile memory device that is set forth in Claim

3 wherein electrons tunnel through the gate oxide layer from the at

least one pyramidal silicon nanocrystal.
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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. -18 WHAT IS CLAIMED IS: 1. A
non-volatile memory device that comprises: a floating gate that comprises at
least one pyramidal silicon nanocrystal. 2. The non-volatile memory device
thabis setTorthmoClaind it whereianthe at deastanecpyramidaksilicdiorth in Claim
nanocrystal is located on a tunnel oxide layer of the floating gate. 3. The
1 when-wolatifehraemoryldevdte that igosetdforthanl Claimi 2Qaoomprising agaée wherein
oxide layer that is formed over the tunnel oxide layer and over the at least
theoré pyransidabsibcary manodpystalilicon nanocrystal has a base that is

in a range of approximately eight nanometers (8 nm) to fifteen

nanometers (15nm) and has a height that 1is in a range of
approximately eight nanometers (8 nm) to fifteen nanometers
(15 nm).

6. The non-volatile memory device that is set forth in Claim

1 further comprising:

a tunnel oxide layer;

wherein the floating gate that comprises the at Ileast
one pyramidal silicon nanocrystal is formed over the tunnel oxide
layer; and

a gate oxide layer that is formed over the tunnel oxide layer

and over the at least one pyramidal silicon nanocrystal.

7. The non-volatile memory device that is set forth in Claim

6 wherein electrons tunnel through the gate oxide layer from the at

least one pyramidal silicon nanocrystal.
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4. The non-volatile memory device that is set forth in Claim 3 wherein
electrons tunnel through the gate oxide layer from the at least one pyramidal
silicon nanocrystal. -19 5. The non-volatile memory device that is set forth in
Claim 1 wherein the at least one pyramidal silicon nanocrystal wherein the
at least one pyramidal silicon nanocrystal has a base that is in a range of
approximately eight manometers (8 nm) to fifteen manometers (I5nm) and
has a height that is in a range of approximately eight manometers (8 nm) to
fifteen manbmeters-(25 ati)l 6. Mdleaon-velatiteememaryideiee thatis setin Claim
forth in Claim 1 further comprising: a tunnel oxide layer; wherein the floating
7T whatedhat ¢orappsesthecatleast] one pyraanidal siicen nanogrystakis farmedk that
over the tunnel oxide layer; and a gate oxide layer that is formed over the
contumnelexide layer electrical field at the peak of the pyramidal

silicon nanocrystal.

9. The non-volatile memory device that is set forth in Claim
8 wherein the peak of the pyramidal silicon nanocrystal allows
electrons to tunnel through the gate oxide 1layer at a lower
tunneling voltage than that required for electrons tunneling from a

hemispherical silicon nanocrystal.

10. The non-volatile memory device that is set forth in Claim
8 wherein the peak of the pyramidal silicon nanocrystal allows
electrons to tunnel through the gate oxide layer with a shorter
tunneling time that that required for electrons tunneling from a

hemispherical silicon nanocrystal.
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and over the at least one pyramidal silicon nanocrystal. 7. The non-volatile
memory device that is set forth in Claim 6 wherein electrons tunnel through
the gate oxide layer from the at least one pyramidal silicon nanocrystal. -20
8. The non-volatile memory device that is set forth in Claim 7 wherein the
pyramidal silicon nanocrystal comprises a peak that concentrates an
electrical field at the peak of the pyramidal silicon nanocrystal. 9. The
non-volatile memory device that is set forth in Claim 8 wherein the peak of
thelpyranided siliconvradractystahattows electrors thtunnied throughdhelgate Claim
oxide layer at a lower tunneling voltage than that required for electrons
6 whumneling froen at hémrspherical sificen rambcpyistalc40. Theawrywolatiiehas a base
memory device that is set forth in Claim 8 wherein the peak of the pyramidal
thagilicon namoerystahakowst eleptrons tonaurmel theoughtthe gatenekidedayep nm) to

with a shorter tunneling time that that required for electrons tunneling from a
fifteen nanometers (15nm) and has a height that is in a range of

approximately eight nanometers (8 nm) to fifteen nanometers (15

nm) .
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hemispherical silicon nanocrystal. -21 11. The non-volatile memory device

that is set forth in Claim 6 wherein the at least one pyramidal silicon

nanocrystal has a base that is in a range of approximately eight manometers

(8 nm) to fifteen manometers (I5nm) and has a height that is in a range of

approximately eight manometers (8 nm) to fifteen manometers (15 nm). -22

12. A method of operating a non-volatile memory device wherein the method

comprises the steps of: providing at least one pyramidal silicon nanocrystal

that i5. associatethwith @ floatipg gatei abtheanonemlatild atemery device;y device

performing an erase operation in which electrons tunnel through a gate oxide
whelagénoftthe nor:=voldtileanemosg devite fronethe @f least one pyramidal

silicon nanocrystal. 13. The method that is set forth in Claim 12 wherein the

pynanidaldsiliconatanoerystalccomprisesta peak thalt congentatesanstal that is

associated with a floating gate of the non-volatile memory device;
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.

13. The method that is set forth in Claim 12 wherein the
pyramidal silicon nanocrystal comprises a peak that concentrates an

electrical field at the peak of the pyramidal silicon nanocrystal.

14. The method that is set forth in Claim 13 wherein the peak
of the pyramidal silicon nanocrystal allows electrons to tunnel
through the gate oxide layer at a lower tunneling voltage that that
required for electrons tunneling from a hemispherical silicon

nanocrystal.
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electrical field at the peak of the pyramidal silicon nanocrystal. 14. The
method that is set forth in Claim 13 wherein the peak of the pyramidal silicon
nanocrystal allows electrons to tunnel through the gate oxide layer at a lower
tunneling voltage that that required for electrons tunneling from a
hemispherical silicon nanocrystal. -23 15. The method that is set forth in
Claim 13 wherein the peak of the pyramidal silicon nanocrystal allows
electrons to tunnel through the gate oxide layer with a shorter tunneling time
that Ghat rBquiredtforélectronsitanneling frottha hentispheridal silicarein the peak
nanocrystal. -24 16. A method of operating a non-volatile memory device,
of wherethermethbdd soinprises thensteps of.rovdihgwonaictatiie omemadry tunnel
device having a floating gate; providing in association with the floating gate a
thrplugdlitycbfe pyransidalsiliton anecrystaisoperablefoestoting efectrops;tamg: that

that required for electrons tunneling from a hemispherical silicon

nanocrystal.
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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. 17. The method that is set forth in Claim 16 wherein
each of the plurality of pyramidal silicon nanocrystals comprises a peak that
concentrates an electrical field at the peak of the pyramidal silicon
nanocrystal. -25 18. The method that is set forth in Claim 17 wherein the
peaks of the pyramidal silicon nanocrystals allow electrons to tunnel through
thelgate axidedeyerat alowepttmnaelimgyvoltageo thatdhatregairedefoory device,
electrons tunneling from a hemispherical silicon nanocrystal. 19. The method
whethat is sétdortk irh Clainoiipwheeein the peaksofdlie pyramidal silicon

nanocrystals allow electrons to tunnel through the gate oxide layer with a
shartertannelingtime vihas that ¢e quired- for édectonsttannelinggfrérhcat ing gate;
hemispherical silicon nanocrystal.

providing in association with the floating gate a plurality of

pyramidal silicon nanocrystals operable for storing electrons; and
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.

17. The method that is set forth in Claim 16 wherein each of
the plurality of pyramidal silicon nanocrystals comprises a peak
that concentrates an electrical field at the peak of the pyramidal

silicon nanocrystal.
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20. The method as set forth in Claim 13 wherein each of the plurality of

pyramidal silicon nanocrystals has a base that is in a range of approximately

eight manometers (8 mm) to fifteen manometers (I5nm) and has a height

that is in a range of approximately eight manometers (8 mm) to fifteen

manometers (15 mm). -26

18. The method that is set forth in Claim 17 wherein the

peaks of the pyramidal silicon nanocrystals allow electrons to
tunnel through the gate oxide layer at a lower tunneling voltage

that that required for electrons tunneling from a hemispherical

silicon nanocrystal.

19. The method that is set forth in Claim 17 wherein the
peaks of the pyramidal silicon nanocrystals allow electrons to
tunnel through the gate oxide layer with a shorter tunneling time
that that required for electrons tunneling from a hemispherical

silicon nanocrystal.

20. The method as set forth in Claim 13 wherein each of
the plurality of pyramidal silicon nanocrystals has a base that is

in a range of approximately eight nanometers (8 nm) to fifteen

nanometers (15nm) and has a height that 1is in a range of
approximately eight nanometers (8 nm) to fifteen nanometers
(15 nm).

—26—



