WO 02/ 103800 PCT/ US02/ 14440 1 | NTEGRATI ON OF TWO MEMORY TYPES ON THE SAME
| NTEGRATED CIRCU T Field of the Invention 5 This invention relates to
menori es wod2mseo particularly to integrated circuits utiPOTAIS0Z/ 14440
different kinds of nenories. Related Ar§ Many integrated circuits have the
capability of performng a 10 variety of different functions to achieve a
particul ar objective. Commn inthis regard is a mcroconputer having
menory on boarl T : Al 4 o be
menory which i Vo i sone of
the aspects that have been pro e sent when 15 the power
Is applied again. This is comr Q?En@e va l:fk""“:{carlfppl I cations including
portabl e and autonotive applications. In addition to this desire for
nonvol atile nmenory is the desire for high speed nenory. Generally, these
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practical for this purpose 20 a . There is the
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be witten. ki nds of nenory which are relatively fast, such as 25
DRAMS, are not nonvol atile. DRAMS are advant ageous because of their snmal |
size. SRAMS are desirable for certain specific applications because they
are very fast but they occupy |arge Related Art

Many integrated circuits have the capability of performing a
10 variety of different functions to achieve a particular objective.
Common in this regard is a microcomputer having memory on
board. In this regard it is often desirable for there to be memory
which is nonvolatile so that when the power is turned off , some of
the aspects that have been programmed are still present when
15 the power is applied again. This is common in a variety of
applications including portable and automotive applications. In
addition to this desire for nonvolatile memory is the desire for high
speed memory. Generally, these two requirements are in conflict
in that the memory types that are most practical for this purpose
20 are made differently. There is the nonvolatile memory (NVM) that
has the capability of retaining the content that was programmed
into the memory for long periods of time; for example 10 years.
NVMs, however, are relatively slow in terms of their ability to be
written. Other kinds of memory which are relatively fast, such as
25 DRAMS, are not nonvolatile. DRAMS are advantageous because
of their small size. SRAMS are desirable for certain specific
'applications because they are very fast but they occupy large
amounts of space on the integrated circuit. For functionality it



anounts of space on the integrated circuit. For functionality it WO

02/ 103800 PCT/ US02/14440 2 would be desirable to have DRAM and NVM on t he
sanme deviwe.02/103ser e may be SRAM as wel|l for the specific @pplisoaidi4ens t hat
require the very highest speed. One of the difficulties in having DRAMS
and nonvol atile nmenories on the sane integrated circuit 5 is that the
processing required for the DRAMS is very different fromthat of
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for logic 15 SO are require e processing and t he

nonvol atig e methtH@bh?@édﬁqgécgwéatfdﬂ‘%bi DRAMD $s Veryiffeseandar d

| ogi c process. Nearly all o dded steps for NVM are different than

those added from BRAVOf FoMVElatiterihepiones o DRAMS mulude)ed atpﬂima{rzrmry

added so many additional steps 20 that the cost of processing and e
di fficulty otomponenti agapatitoryi ¢his cagacitorueepiresrurigueThus it is seen
there is a need for reducing the cost in having nonvolatile nenory and
hi gh speed, probegsing thatisndiffierent frora aaythingttbgt as éavolvedinith the
NVM. The result has been that it has been very uneconomical to
10  have both DRAM and NVM on the same device.
The reason that this has been uneconomical is that there
are many masking steps that are added by adding the DRAM
capability to the NVM process. In addition to requiring both the
processes for nonvolatile memory and DRAM, processes for logic
15 devices also are required. The processing for the DRAM and the
nonvolatile memory both add significant masking steps to the
standard logic process. Nearly all of the added steps for NVM
are different than those added for DRAM. So the combination of
DRAM and nonvolatile memory added so many additional steps
20 that the cost of processing and the difficulty of maintaining high
yield made it uneconomical.
Thus it is seen there is a need for reducing the cost in
having nonvolatile memory and high speed, high density memory
in the same integrated circuit.

25



25 WO 02/ 103800 PCT/US02/ 14440 3 Brief Description of the Draw ngs The
present invention is illustrated by way of exanple and not by limtation
in the acwormpamging figures, in which |like references in@cCxaise2/sisne | ar
el enments, and in which: 5 FIGs. 1-9 showgsequential cross sections of an
integrated circuit according to a preferred enbodi ment of the invention.
Skilled artisans appreciate that elenents inthe figures are illustrated

for sinplicity and clarity -1§§E 10 drawn to
nts in the figures
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structure that can de to operate nu M This is used in
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characteristics, with m ninmal changes In the processing required to
achi eve bot hcirauﬂsaadordmgttu gpreféued ehtbadimhendoftherpvention.pr ocessi ng
required to achieve bothtypes is very snmall. The high speed, high density
25 nenory uses a very reduced tunnel dielectric thickness between the
substrate and the storage el enents. The storage el enents

Skilled artisans appreciate that elements in the figures are

illustrated for simplicity and clarity and have not necessarily been
10 drawn to scale. For 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.

15 Description of the Invention

The ability to have high density, high speed memory and
nonvolatile memory (NVM) on the same integrated circuit is
achieved by utilizing the characteristic of a certain type of
nonvolatile memory structure that can be made to operate much

20 like a DRAM. This is used in combination with a NVM, which has
normal NVM operating and retention characteristics, with minimal
changes in the processing required to achieve both types of
memories. Thus, the additional amount of processing required to
achieve both types is very small. The high speed, high density

25 memory uses a very reduced tunnel dielectric thickness between
the substrate and the storage elements. The storage elements
are nanocrystals which in combination with the very thin tunnel

dielectric result in high speed operation.



are nanocrystals which in conmbination wwth the very thin tunnel dielectric
result in high speed operation. WO 02/ 103800 PCT/ US02/ 14440 4 Shown in
FIG 1 iswamziioasegrated circuit 10 having a nonvol atil e memrarsy2/{44MN)
region 12 and a dynam c nanocrystal mnenmgary (DNM region 14. Integrated
circuit 10 conprises a substrate 16 and at this stage in processing a
dielectric 18. 5 Dielectric 18 is preferably silicon oxide of a thickness
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NVM region 12. Wth patterned photoresist 20 present over NVM region 12
but_not. pr esgBtanystropb! riisds d groure oxtde iofivary higtebeelity.c 18 over DNV
a

region 14 is renoved. Photoresist 20 is renoved and " lelectric layer is

grown i n DNVSutmstratel$6tis preferablydsiticent butcaald Beclirother 22 is chosen to
be a thickness and material that provides for high speed of transfer of
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an insulating layer that is commonly used in the substrates known

10 as silicon on insulator (SOI). Dielectric 18 may be other materials
as well and may be selected from one of the high-k dielectrics
such as hafnium oxide. The dielectric 18 is a material chosen for
low leakage between a collection of nanocrystals, which operate
as charge storage elements over the dielectric, and substrate 16.

15 Shown in FIG. 2 is a patterned photoresist layer 20 over
NVM region 12. With patterned photoresist 20 present over NVM
region 12 but not present over DNM region 14, the portion of
dielectric 18 over DNM region 14 is removed. Photoresist 20 is
removed and a dielectric layer is grown in DNM region 14 to form

20 dielectric 22. Dielectric 22 is chosen to be a thickness and
material that provides for high speed of transfer of charge to and
from storage elements present on top of it. Dielectric 22 is
preferably a grown oxide of a thickness of approximately 15
angstroms. This material, however, could be another material

25 chosen for the desired characteristic of high speed of charge
transfer. In the case of dielectric 22 being grown oxide, dielectric
layer 18 is also increased in thickness so that its thickness is
about 35-40 angstroms. The growth rate for dielectric 22 is faster



angstronms. This material, however, could be another material 25 chosen for
the desired characteristic of high speed of charge transfer. In the case
of di el ecwpioe/1280bei ng grown oxi de, dielectric |ayer 18 iPETAlS®D144mEr eased
in thickness so that its thickness is about 35-40 angstrons. The growh
rate for dielectric 22 is faster WD 02/103800 PCT/US02/ 14440 5 than it is
for the additional thickening of dielectric 18 because dielectric 18
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region 14 but not region 12 prior t©O growmh of oxide so that dielectric 22
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thinner 15 than dielectric 18. Simlarly, fluorine can be inplanted into

region 12 bghotlér adt@rpativé, rliekcttio 18 could dfe axcompositdaf tleel ectric 18
grows faster than dielectric 22. The result then is also that dielectric
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10 There are other alternatives to achieving the relative
thicknesses of dielectrics 18 and 22. The thinner dielectric 22
can be achieved by implanting nitrogen into region 14 but not
region 12 prior to growth of oxide so that dielectric 22 grows more
slowly than dielectric 18. The result is that dielectric 22 is thinner

15 than dielectric 18. Similarly, fluorine can be implanted into region
12 but not region 14 prior to growth of oxide so that dielectric 18
grows faster than dielectric 22. The result then is also that
dielectric 22 is thinner than dielectric 18. |

Shown in FIG. 4 is integrated circuit 10 after formation of

20 nanocrystals 24 over dielectrics 18 and 22. Nanocrystals 24 are
ébout 50 angstroms in height and shaped as hemispheres. They
are preferably formed of monocrystalline silicon. In this case
these nanocrystals are not shown to scale in the vertical
dimension. In actuality the thickness of dielectric 18 is roughly

25 the same as the height of the nanocrystals 24. However, in the
horizontal dimension, in order to be able to ultimately show a
transistor with multiple nanocrystals the dimensions have been

intentionally reduced in the drawing.



about 50 angstrons in height and shaped as hem spheres. They are
preferably formed of nonocrystalline silicon. In this case these

nanocr ystwbD2a6380not shown to scale in the vertical di nem€iTarso2/14340
actuality the thickness of dielectric 1 is roughly 25 the sane as the
hei ght of the nanocrystals 24. However, in the horizontal dinension, in
order to be able to ultimately show a transistor with nultiple
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and oxi de ( her alternatives cou al so be used. esire is for
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degree of_coué¥|ng bet ween conductor 28 and 10 substrate 16. gﬁe!ectrlc 26,
however, is m?stromdﬂielectﬁ@% is imrederalifpral eomposdhe ldyelrasftoxides6 and
dielectrics 18 and 22 as well as nanocrystals 24 are etched to formgate
structures 3itradal ani?ox@e§O.=NO)ctQtWeBaltemtiVesscwldtmm bdigsedtric 19
formed of 15 a portion of dielectric 18, nanocrystals 24 above tunnel

di el ectric Ti%e desitis tor ilitel ke ta venpiowdeakagd, lighoguality filmdvithectri c
26, and a control gate 31 forned of a portion of conductor 28. Simlarly,

a sufficiently high degree of coupling between conductor 28 and

10 substrate 16. Dielectric 26, however, is not intended to pass

charge. |
Conductor 28, dielectric 26 and dielectrics 18 and 22 as

well as nanocrystals 24 are etched to form gate structures 30 and
32. Gate structure 30 comprises a tunnel dielectric 19 formed of

15 a portion of dielectric 18, nanocrystals 24 above tunnel dielectric
19, a control dielectric 27 formed of a portion of dielectric 26, and
a control gate 31 formed of a portion of conductor 28. Similarly,
gate structure 32 comprises a tunnel dielectric 23 formed of a
portion of dielectric 22, nanocrystals 24 above tunnel dielectric

20 23, a control dielectric 29 formed of a portion of dielectric 26, and
a control gate 33 formed of a portion of conductor 28. This etch
process begins by etching conductor 28 down to dielectric 26.
After this there are several available techniques for removing the
remainder of dielectric 26, nanocrystals 24, dielectric 18 and

25 dielectric 22 according to the desired gate pattern. One way is to
etch nearly all of dielectric 26 to at least expose nanocrystals 24,
then etch nanocrystals 24, and then complete the etch of
dielectric 18 and 22. Another alternative is to etch dielectric 26 to



gate structure 32 conprises a tunnel dielectric 23 forned of a portion of
dielectric 22, nanocrystals 24 above tunnel dielectric 20 23, a control

di el ectriwo2Q/163porved of a portion of dielectric 26, and &crarsor/oi44gate 33
formed of a portion of conductor 28. Thig etch process begins by etching
conductor 28 down to dielectric 26. After this there are several available
techni ques for renoving the remainder of dielectric 26, nanocrystals 24,
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bot h oxide so the etchant wll be very effective in both etching oxidized

nanocryst al saeadhdtheosice setthecetthanthwilebehieny effectiveasbetre eiclaimgy

sel ective between oxide and silicon. The drawing may make it appear that
it is difficokidizedataheeeystatdatl thedislegtricn 8.hdhveptohivig t he etch, but
in actuality, because the drawing is not to scale, the nanocrystals are

nuch hi gher materialewdre highiyrsélective b&@wdenoxide aondssiliconr edlieg e a
precision etch depth to expose the nanocrystals. Shown in FIG 7 is a
formati on of deawirng/mayi make #appear that it is difficult to achieve such

10 precision in the depth of the etch, but in actuality, because the
drawing is not to scale, the nanocrystals are much higher than
would appear in FIG. 6. Thus, it does not require a precision etch
depth to expose the nanocrystals.

Shown in FIG. 7 is a formation of source/drain extensions.

15 Source/drain extensions 34 and 36 are implanted using gate
structure 30 as a mask. Similarly, source/drain extensions 38
and 40 are formed using gate structure 32 as a mask. In this
example, NVM region 12 and DNM region 14 are doped and
implanted during the same step. They could be implanted in

20 different steps which would require an additional masking step.
So in the case where they are implanted together, regions 34-40
would be the same conductivity type. Typically, this would be N-
type, but could be P type. In an alternative embodiment, NVM
region 12 could be N-channel and DNM region 14 could be P-

25 channel. In such case, regions 34 and 36 would be N-type and
regions 38 and 40 would be P-type. Regions 38 and 40 would be
implanted at a different time than regions 34 and 36. Similarly, as
another alternative, NVM region 12 could be P-channel and DNM



15 Source/drain extensions 34 and 36 are inplanted using gate structure 30
as a mask. Simlarly, source/drain extensions 38 and 40 are formed using
gat e struwpDuweaoBR as a mask. In this exanple, NVMregi onPCT/tzazi143NM r egi on
14 are doped and inplanted during the sgne step. They could be inplanted
in 20 different steps which would require an additional masking step. So
In the case where they are inplanted together, regions 34-40 would be the
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regions 34-40 is a relatively light doping. Subsequently hown in FI G

8, sidews | apelc48aréfarmedstoursd patesinactonreBRaSidewal spacets, and

sidewal |l regions 46 5 and 48 are fornmed around gate structure 32. Sidewall

spacers 42- 482248 areedsed amshasksrfor tkerrelatively hehepsulssbgaenént
I npl anting of source/drain regions 50-56. Again, in one enbodinent where

regi ons 34- 4iimptantithg ofsseusidrain regipnsype-56r Agaims inhenénpl ant usi ng
sidewal | spacers 42-48 as a mask 10 occurs at the sanme tinme. This results
in the fornmaembodimeativanare seQicds 3d448raressthe satnexonrdeactivity Bgpepns 50,
°2, 54 and 5|§e§iro%s the implant using sidewall spacers 42-48 as a mask
10 occurs at the same time. This results in the formation of regions
50, 52, 54 and 56 in substrate 16. Regions 50, 52, 54 and 56 are
of a relatively heavier doping level than regions 34, 36, 38 and
40. If the transistors in DNM region 14 are to be of a different
type than the transistors in NVM region 12, then regions 54 and
15 56 would be formed at a different time than regions 50 and 52.
Region 12 would be masked off during the implanting of region
14. Similarly, during the implanting of region 12, region 14 would
be masked off.
After implanting regions 50-56, there will be substantial
20 additional processing including annealing to activate the
implanted dopants in regions 34-40 and 50-56. The resulting
structure of a transistor, which is a non-volatile memory cell, in
region 12 and a transistor, which is a dynamic nanocrystal
memory cell, in region 14 are shown in FIG. 9. This shows the
25 diffusion of regions 34-40 into areas under gate structure 30 and
gate structure 32. Control gates 31 and 33 are the same
thickness. The drawings show them as being a different

thickness but the purpose of the drawing is to show that the



of a relatively heavier doping | evel than regions 34, 36, 38 and 40. If
the transistors in DNMregion 14 are to be of a different type than the
transi st owe 2no3M r egi on 12, then regions 54 and 15 56 weardSom144e06 med at
a different time than regions 50 and 52.9 Region 12 woul d be nmasked off
during the inplanting of region 14. Simlarly, during the inplanting of
region 12, region 14 would be masked off. After inplanting regions 50-56,
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areas under gate structlUre 30 and gate structure 32. Control gates 31 and

33 are the sthe draingsaset béirgy to sdatgstird tickhessaef el digletiris ent
t hi ckness but the purpose of the drawing is to show that the WO 02/ 103800

PCT/ US02/514428 inSrelationeioettee sgbirceAlrain tsepdnatioteis gredtipet ween the two
transi stor gate structures and to show the relative dielectric thicknesses

that under| exaggergied indhewitawingslbabis 8@t ukusual forrdrawings of the
drawi ngs not being to scale, the thickness of tunnel dielectric 5 23 in
rel ation to depicitug dednisistorssikparess sectiongreatly exaggerated in the
drawi ngs but is ngt unusual for draw ngs_ depicting transistors in cross
section. This prodéds precespudeserbeddd. FiGs. <9 is aeygreefiicientt
process for making both NVMs using nanocrystals and a memory
10 that is high speed and high density. This is achieved using only
one additional mask to that required for making the NVM. With
the relatively thin tunnel dielectric for the DNM, the write speeds
are comparable o those of a DRAM. With the very thin tunnel
dielectric, leakage is relatively high so that a DNM is not
15 considered useful as a nonvolatile memory. However, its leakage
rate is much lower than that of a DRAM. Thus, the DNM does
require refresh but not nearly at the frequency of a DRAM. A
DRAM, for example, will lose its charge in the order of
milliseconds if it is not refreshed, whereas the DNM will take on
20 the order of hours or even days to lose its charge. The DNM is
actually a higher density than that of a DRAM. The DRAM
requires a transistor and a capacitor, whereas the DNM provides
storage capability in a single transistor stack. The desired result
of having both nonvolatile memory and high speed, high density
25 memory on only a single integrated circuit is thus achieved with
minimal, if any, additional cost over having just one of nonvolatile

memory or high speed, high density memory.



process for maki ng both NVMs using nanocrystals and a nenory 10 that is
hi gh speed and high density. This is achieved using only one additional
mask to twatoznessod red for naking the NVMM Wth the rel atiPealysor/iamo t unnel
dielectric for the DNM the wite speedsig are conparable to those of a
DRAM Wth the very thin tunnel dielectric, |eakage is relatively high so
that a DNMis not 15 considered useful as a nonvolatile nenory. However,
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result of having h nonvol at i nenory an speed, ensity 25
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i f any, additional cost over having just one of nonvolatile menory or high
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foregoing specification, the invention has been described with reference

to specific g#husirhtivarathéotivarea rastective senseapandsallisusin the art
appreci ates that various nodifications and changes can be made w t hout

departing frmodificationseané intendegtotmintluded withindheescopetdf i n t he
clains below Accordingly, the specification and figures are to be
regar ded i n phesent invention.
10 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 4e|ement(s) that may cause any benefit, advantage, or
solution to occur or become more pronounced are not to be
15 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 comprises a list of elements does not include only
20 those elements but may include other elements not expressly

listed or inherent to such process, method, article, or apparatus.



illustrative rather than a restrictive sense, and all such nodifications
are intended to be included within the scope of present invention. 10
Benef it s,wotohao3sadvant ages, and sol utions to probl enms havecThsendescri bed
above with regard to specific enbodi nentyg. However, the benefits,

advant ages, solutions to problens, and any elenent(s) that nay cause any
benefit, advantage, or solution to occur or becone nore pronounced are not
to be 15 construed as a critical, regngg_iéor essential feature or el enent
of any or all the clains. As used h i+,—the terns "conprises,"”
"conprising,"” or any other variation thereof, are intended to cover a

non- excl usi ve inclusion, such that a process, nethod, article, or

appar atus t hat A%&hﬁ(ﬁ?@d@gh&ﬁéeﬁfceebﬁﬁ?éﬁingjes not include only 20 those
u S

el ements but may 1ncl er el enen pressly |listed or inherent
to such process,g fpEhasenti/ie ﬁs@gbr@@@ﬁP Eisg: WO 02/ 103800 PCT/ US02/ 14440
11 CLAIMS 1. A sen?conducggr %evlce conp ﬁ3| : a first nmenory transistor

conprisimg: 5 a firg figsletirdeetric; amd a first plurality of discrete storage
el enents; and a second nenory transistor conprising: a second dielectric,

whi ch is thicker thapfirsiephiradity oficisewtei storage dkrenesoardp! urality of
di screte storage elenents. 2. The sem conductor device of claiml, wherein
the first a second memory transistor comprising:
a second dielectric, which is thicker than the first
dielectric; and

10 a second plurality of discrete storage elements.

2. The semiconductor device of claim 1, wherein the first
dielectric and the second dielectric are tunnel dielectrics.

15 3. The semiconductor device of claim 1, wherein the first

dielectric is less than approximately 35 Angstroms.

4. The semiconductor device of claim 3, wherein the first
dielectric is less than approximately 20 Angstroms.

20
5. The semiconductor device of claim 1, wherein the second
dielectric is greater than approximately 35 Angstroms.

6. The semiconductor device of claim 1, wherein the second
25 ~memory transistor is characterized as a non-volatile memory
transistor.



dielectric and the second dielectric are tunnel dielectrics. 15 3. The

sem conduct or device of claim1, wherein the first dielectric is |less than
appr oxi mewelog/1880Angst rons. 4. The sem conduct or devi ce ofPCaliaom44340 wher ei n
the first dielectric is less than appropg mately 20 Angstrons. 20 5. The
sem conductor device of claim1l1l, wherein the second dielectric is greater
than approxi mately 35 Angstrons. 6. The sem conductor device of claiml1,

wher e 908 SGRABHRL XL ABRIE B o LR ik sty Rl o °
deyice o1 ¢l el oHE' 3 eyt cho DM ABRbSHYStA HROREL T 2 2

wherein the first and 5 second plurality of discrete storage elenents are
nanocrystals. 9. The sem conductor device of claim8, wherein the

nanocryst al sgc i i t haHi ng of :
silicp% and gé?ﬁgﬁiun1.18ﬁ§ggﬁﬁzgéggﬁfgggydg?g}\@gsﬁ%e oFagﬁgﬁﬁﬁ?Z ahere!n:
the first5 megaeynd phafity of diséfde mgesaMeﬁté ar8in&9otrydtaf.el ectric;

a first control gate; 15"a first source Fegion; and a first “drain region;
and

9. The semiconductor device of claim 8, wherein the
nanocrystals comprise an element selected from the group
consisting of: silicon and germanium.
10
10. The semiconductor device of claim 1, wherein:
the first memory transistor further comprises:
a first control dielectric;
a first control gate;
15 a first source region; and
a first drain region; and
the second memory transistor further comprises:
a second control dielectric;
a second control gate;
20 a second source region; and
a second drain region.



the second nenory transistor further conprises: a second control
dielectric; a second control gate; 20 a second source region; and a second
drai n regwore2/1vVlo®2/ 103800 PCT/ US02/ 14440 13 11. The net Ircd/ush2/meko ng a
sem conduct or device conprising: providighg a sem conductor substrate;
formng a thin dielectric |layer over a first portion of the sem conductor
substrate; 5 formng a thick dielectric |ayer over a second portion of the

than the thi 41t SnEctatnotbt ﬁ*ékihbe?%@@Fﬁ@ﬂ%ﬁ@éﬁ'%@%@b@?ﬁ?& age
el ements over atphﬁﬂﬂl %kgg Q&ﬁéfguggh%g§16|60tr'c | ayer and at | east

a portion 10 of r|c The net hod of claln}ll
wh in f ' t

S perfor med by ChoAng égtﬁmﬂ'ﬁé‘%ﬁféc ié?éﬁﬁvé?dﬂ HiESE BOHi e L F ey
conprising: formng S%m'lééﬁdgbﬁil‘gfﬁlbﬁﬁaf?yer patterning a photoresist

| ayer to expose a first portion irst dielectric layer and mask a

second pgytion oforiitig arthick digibetid 1ayéeyeer a 38coREEORibH b ther st
portion of the first dielectric layer t'o expose a portion of th
sem conduct or subst rgdmicordueiorssibstratel whesei thethick dnelectnc
layer is thicker than the thin dielectric layer; and
forming a plurality of discrete storage elements over at least
a portion of the thin dielectric layer and at least a portion

10 of the thick dielectric layer.

12. The method of claim 11, wherein forming the thin dielectric
layer and the thick dielectric layer is performed by thermal growth.

15 13. The method of claim 11, further comprising:
forming a first dielectric layer;
patterning a photoresist layer to expose a first portion of the
first dielectric layer and mask a second portion of the first
dielectric layer ;
20 removing the first portion of the first dielectric layer to expose
a portion of the semiconductor substrate;
removing the photoresist l[ayer;
forming a second dielectric layer over the second portion of
the first dielectric layer, wherein the second dielectric
25 layer and the second portion of the first dielectric layer
form the thick dielectric layer; and



formng a second dielectric |ayer over the second portion of the first
dielectric layer, wherein the second dielectric 25 |ayer and the second
porti on oWotoaaodspe st dielectric layer formthe thick dielPegtusorid4ayer; and
WO 02/ 103800 PCT/ US02/ 14440 14 form ng f4she thin dielectric |ayer over the
portion of the sem conductor substrate while form ng the second

dielectric layer. 5 14. The nmethod of claim 13, wherein formng the thin

dielectric |ay per formed by
thermal orout b SIRGLHENRR AisfelREr B SYEF He PATRE PEIeP 10" orm ny
a patterned photore

sem conduct or subst r%%’srhlé&ﬁé{j%%cﬁl %B%ﬁﬁ%&aw étf?ﬁﬂ é}gqﬁe %C(?)ﬁgt i on of the
sem conduct or subst fNg the patterned photoresist layer; 15
thermal Iy grow ng tﬁgékﬁﬁﬁ%ﬁ?QM%btric | ayer over the first portion of the
sem conductor substrate; and thermally growing the thick dielectric |ayer
over a second portion of the sem conductor substrate while thermally

grow ng tye fAi nTHeamethobdcol eledm 180V\1Weré7h€fo'rfm|h?dl"@° tiihadiislddtrid ur t her
conprising: formng a patterned photoreS|st | ayer T'o expose a second
portion of tyereahddodnrinhgriheusetontedielectric layer are performed by

thermal growth.

15. The method of claim 11, further comprising:
10 forming a patterned photoresist layer to expose a first portion
of the semiconductor substrate;
implanting nitrogen into the first portion of the semiconductor
substrate;
removing the patterned photoresist layer;
15 thermally growing the thin dielectric layer over the first portion
of the semiconductor substrate; and
thermally growing the thick dielectric layer over a second
portion of the semiconductor substrate while thermally

growing the thin dielectric layer.

20
16. The method of claim 11, further comprising:
forming a patterned photoresist layer to expose a second
portion of the semiconductor substrate;
implanting fluorine into the second portion of the
25 semiconductor substrate;

removing the patterned photoresist layer;
thermally growing the thick dielectric layer over the second

portion of the semiconductor substrate; and



i mplanting fluorine into the second portion of the 25 sem conductor
substrate; renoving the patterned photoresist |ayer; thermally grow ng the
t hi ck di eeaknoisod ayer over the second portion of the semCTarsdercider
substrate; and WO 02/ 103800 PCT/ US02/ 1444g 15 thermally growing the thin
dielectric layer over a first portion of the sem conductor substrate while
thermally growng the thick dielectric layer. 5 17. The nethod of claim

é&gciziz_“e;tzfzs_;irﬂezmatﬁxz%@aﬂarr@%%@m&ggI@vgyzaférhéﬁﬁgﬁh%&ﬂwy .
el ectr €1 L°C M o SERHCSA S 2R ol R oo

second drain regi t hick dielectric layer. 18. A
sem conduct or devﬁggc@ghggﬁﬁhCIaﬁ?g a sem conductor substrate with a first

portion and a second portion; a first dielectric |ayer over the first
portion of the sem conductor substrate; a first plurality of nanocrystals

over the i r317d|'ﬁﬁ§qﬁét|¢odj@fet§|a”ﬁ01 ANflrthéePcd ﬁgwd dielectric layer,

wherein the second dielectric [ayer 1s thicker he first dielectric

layer; a first elfgpininga eodtrdldietsstaadovierties Plucalitgyest discrete
storage elements;

forming a control gate over the control dielectric;

forming a first source region and a first drain region adjacent
10 the thin dielectric layer; and

forming a second source region and a second drain region

adjacent the thick dielectric layer.

18. A semiconductor device comprising:
15 a semiconductor substrate with a first portion and a second
portion;
a first dielectric layer over the first portion of the
semiconductor substrate;
a first plurality of nanocrystals over the first dielectric layer
20 and within a second dielectric layer, wherein the second
dielectric layer is thicker than the first dielectric layer;
a first electrode over the second dielectric layer;
a third dielectric layer over the second portion of the
semiconductor substrate, wherein the third dielectric
25 layer is thicker than the first dielectric layer and thinner
than the second dielectric layer;
a second plurality of nanocrystals over the third dielectric

layer and within a fourth dielectric layer, wherein the



athird dielectric layer over the second portion of the sem conductor
substrate, wherein the third dielectric 25 layer is thicker than the first
di el ectriwoloaygessoand t hi nner than the second dielectric | &¢garysoaisecond
plurality of nanocrystals over the thirdaielectric layer and within a
fourth dielectric layer, wherein the WD 02/ 103800 PCT/ US02/ 14440 16 fourth
dielectric layer is thicker than the first dielectric layer and the third

second 5 di of ect r1 dOPRIERTARAERRIYRCIS HEKEF seniit® Qi gl " 1

approxi mately eq“a'lagr%Pi'aan‘?né?Hkﬂctﬁ'i%\‘lé?ét‘?fc %g)té'rce of claim 18, wherein tgg

first dielectric |lay essS 't han  appr oxl ely 35 Angstrons and the
third dielectric layer is greater than approximtely 35 Angstrons.

19. The semiconductor device of claim 18, wherein the second
5 dielectric layer and the fourth dielectric layer are approximately

equal.

20. The semiconductor device of claim 18, wherein the first
dielectric layer is less than approximately 35 Angstroms and the
10 third dielectric layer is greater than approximately 35 Angstroms.



