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[0007] A main component of the flash memory device 100 which facilitates this
multi-state operation is a conducting floating gate 106 in the gate stack of
the transistor (see Fig. 1(a)) which is coupled to its surroundings (the
control gate 108, and also the channel 104/source 102/drain 103 regions)
via dielectrics (e.g., 107, 105) on top and below.

[0008] The device 100 is programmed by injecting charge inio the floating gate
106 (though the program oxide 105), and is erased by expelling charge
from the floating gate 106. These devices 100 are made nonvolatile by
decoupling the floating gate 106 from the source 102/drain 103/channel
104 and control gate 108 with a sufficiently thick control oxide 107.

[0009] As with all other semiconductor technologies, flash memory continues to
scale to increasingly higher densities. At the same time, improvements in
device speed, power consumption, and endurance (e.g., number of times
the memory can be read/erased before failing) also pay obvious benefits.

[0010] Finally, some flash memory devices have improved performance through
storage of multiple bits per memory cell (e.g., most notably Intel’s
StrataFlashTM technology currently stores 2 bits/cell with announced
future plans to increase the number of bits/cell). This is achieved by
programming the floating gate 106 with different amounts of charge in
order to achieve multiple possible threshold voltage (VT) shifts in the same

device.
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150 RYRE@#Miaxide thicknesses, because most charge Ieakage from the
floating gate 156 occurs to the heavily doped source 152/drain regions
153.

[0018] In a flash device, such leakage will deplete charge from the entire floating
gate, resulting in a loss of memory (e.g., in the same way as stress-
induced leakage currents compromise the device).

[0019] In a nanocrystal device, only those nanocrystals in close proximity to the
source 152/drain 153 lose their charge by this leakage mechanism, while
those farther away (e.g., near the device center) do not. This argument
assumes that there is no electrical conduction between nanocrystals in the
floating gate 156 (e.g., a condition which can be controlled via the
nanocrystal density).

[0020] The improved retention properties of nanocrystal floating gate devices 150
allows scaling to thinner program oxides 155, which can result in added
benefits. Thinner oxides 155 permit programming at lower voltages using
direct quantum mechanical tunneling, rather than Fowler-Nordheim field
emission processes.
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[0025] Table 1 above illustrates a calculated charging energy (Ec) and
corresponding threshold voltage shift (DVT) for nanocrystals of different
sizes (e.g., from Tiwari ef al., mentioned above).

[0026] Table 1 shows that the addition of a single charge to a nanocrystal can
result in a significant threshold voltage shift (DVT~0.5 V for a nanocrystal
diameter between 5-10 nm). In this way, it may be possible to use this
effect for multi-bit storage, where discrete VT shifts correspond to adding
incrementally larger numbers of charges to the floating gate 156. These
types of discrete VT shifts from adding single charges have been seen
experimentally in extremely small devices in which the floating gate 156
contains only a single nanoctrystal (e.g., see J. J. Welser, S. Tiwari, S.
Rishton, K. Y. Lee, Y. Lee, IEEE Elect. Dev. Lett. 18 278 (1997).
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[0035] Additionally, as mentioned above, nanocrystal floating gate memories
have been difficult to use for multi-bit memory applications, because of the
large nanocrystal size distributions.

[0036] Further, defining all nanocrystals to be of substantially similar size (and
thus making possible multi-bit storage in the device), has not been
achieved.

[0037] Moreover, there has been no technique which produces a nanocrystal
memory device having nanocrystal size distributions which are
substantially uniform, using a self-assembly technique.

[0038] In sum, the conventional techniques (and subsequently the resulting
structure) to make a nanocrystal memory have been notoriously
unreliable, and it has been difficult to obtain uniform size of the
nanocrystals, and difficult to control the spacing of the distribution around
the sample, each of which impact the performance of the device.

Disclosure of the invention

[0039] In a first aspect of the present invention, a floating gate for a field effect
transistor, includes discrete nanoparticles whose dimensions and
distribution are defined by a self-assembling material. For example, in one
exemplary aspect, the nanoparticles may have diameters between about 2
and about 30 nanometers, with size distributions no greater than
substantially 15 % of a mean diameter of the nanoparticles.

[0040] In a second aspect of the present invention, a field effect transistor,
includes a source region and a drain region formed in a semiconductor
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[OOE@]"%% fifth aspect of the present invention, a method for making a uniform
nanoparticle array, includes performing a diblock copolymer thin film self
assembly over a material film, creating a polymer dot array from the
diblock copolymer thin film, and using a polymer dot of the polymer dot
array as an etch mask for a nanoparticle reactive ion etching (RIE) of the
material film.

[0046] In a sixth aspect of the present invention, a method for making a uniform
nanoparticle array, includes performing a diblock copolymer thin film self
assembly over silicon, creating a porous polymer film, directionally
depositing a first material over the porous polymer film, and dissolving the
polymer to lift off at least one region of the first material deposited over the
porous polymer.

[0047] In a seventh aspect of the present invention, a method for making a
uniform nanoparticle array, includes performing a diblock copolymer thin
film self assembly over a first dielectric over an oxidizable material film,
creating a porous polymer film, transferring a pattern into the first
dielectric, etching the pattern into the material, and thermally oxidizing the
material until a narrowest material region between hexagonally-arranged
pores close, thereby leaving an array of material nanoparticles.
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[Ooglﬁt IErguut b % s rages a |stogram of pore diameters showing a narrow
distribution of ~10% centered around 20 nm for PS-PMMA molecular
weight 67 kg/mol;

[0058] Figures 3(a)-3(h) illustrate schematic diagrams depicting silicon
nanocrystal array formation based on diblock copolymer self assembly,
and more specifically:

[0059] Figure 3(a) illustrates a step 310 of assembling PS-PMMA diblock
copolymer on a thermally-oxidized silicon substrate; Figure 3(b) illustrates
a step 320 of removing the PMMA block, leaving a porous PS template;

[0060] Figure 3(c) illustrates a step 330 of using reactive ion etching (RIE) to
transfer the PS pattern into the oxide film;

[0061] Figure 3(d) illustrates a step 340 of stripping the remaining polymer,
leaving a porous oxide film;

[0062] Figure 3(e) illustrates a step 350 of conformally depositing a material (e.g.,
silicon);

[0063] Figure 3(f) illustrates a step 360 of anisotropically etching the silicon; and

[0064] Figure 3 (g) illustrates a step of 370 stripping oxide to leave the silicon
nanocrystal array on silicon; and
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e I cond. di t siz
(o8 o anét "*Sﬁrahgé?dﬂ%@@ [ SEPBRG i Ra? ﬁ'ﬁ%drﬁ‘ Saicbrystal
mean di aneter of the .
IO%EOE@M? i 'ﬁpus iroteez etiphers of themethasl 408 sbpwerin fFigures 4(a)-
presewt invention, self assenbly may involve a bl ock
) §preqarrying owlsthedmaeption t he bl ock copol ymer may
[00|7ﬁ’ | BeterdnginoMotoktheaprawingsy and chomei paytiaulady ée Eigures 2-4(j),
wei gierevatdr shown rexegwlardy rmbibiod dndePudtgtewin dagopdmite with
250, peferked enibodifieAR] oflthe préddrtdhasiiept of the
[0OFBE SEifst, hBMAbIOW. is @eﬁ@ﬁﬁ‘é?ﬁaﬁ%xéﬁfﬁl&r?gnéthfoh%F hkirtPd&nse
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di elldotk copdlyars ahithamatsrdllyamifcaddamislediieet aeé sellagsembled
pores in anodized alumina, there are other self-assembling molecules
including self-assembled monolayers (SAMs), etc., all of which the
invention may be applied advantageously thereto. It will be appreciated by
those skilled in the art that while diblock copolymer is described here, any
such self-assembling material could be employed.

[0080] The use of self-assembly is clearly different from the conventional
techniques. That is, the conventional techniques may include using a
chemical vapor deposition (CVD) technique to scatter silicon over the
sample. While this technique may be somewhat acceptable under some
conditions, there is little control of the distribution, and there are small and
large sizes randomly over the sample. ‘

[0081] Another technique (e.g., on the other extreme from CVD) is using
lithography in which patterning occurs, and more specifically a point is
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t he nanometer-scale features.

[0089] In a preferred embodiment of the present invention, a system is provided
based exemplary on diblock copolymer self-assembly. Obviously, the
invention is not limited to the diblock copolymer material as mentioned
above and would be clearly evident to one of ordinary skill in the art taking
the present application as a whole. Indeed, other materials which could be
used may include, as mentioned above, self-assembled nanopatrticles,
anodized alumina, self-assembling proteins, etc.

[0090] Under suitable process conditions (e.g., such as molecular weight, block
weight ratio, film thickness, annealing conditions, surface treatment and
the like), diblock copolymer molecules can microphase separate on a
nanometer-scale length scale, thereby forming a hexagonal array of pores
in a thin polymer film.

[0091] Many different polymers (e.g., such as:

[0092] Polybutadiene-polybutylmethcrylate,

[0093] Polybutadiene-polydimethylsiloxane,



nanocrystals, and allow ng good control over the
uniformty of the size of the nanocrystal particles,

wW@pa40w389 t heir distribution (e.g., where the PCI/EP2004/051155
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[of@gpar row di st bblwﬁetﬁyln@éthaé Lﬁfl la#8 nm
[011@] PS- PMWA npbRat)rahe R L&a&angg/rm [0058] Fi gures
[013) - 3(h) "'Es rené ¥I5c laasrarrs depi cting

ish1 con nanoc ed on di bl ock
[gflé ol yner sel Iﬁ%’rﬂe eC|’f| cal ly: [0059]
é 3@ y? of asserrbl i ng

ure 3(a) i
F%ﬂ PMVA di bl oE’Qyé - oxi di zed
i con subst PAaly" FH ne,| I ustrat es a step 320

[O‘ig

It emovi ng tHQIYPW%P@WethM'@WtHQCW@@r ous PS
[01t1€ﬂrp| ate; [0Opolyshirgue-poBilyipyridina,rates a step 330 of
[0108] ng reacti vpolyethyermerpolyvinRlgyidire, t r ansfer the PS
[01d&{tern i nto pblviowimeidirid-polyfriddtiinefhasryats( d)
[01i20] ust r at es apslkethykitoxides pblyRidpagnd,he renai ni ng
[omqn ym‘:‘r | eavpBifethyRHEIGISbRBulddidRe, [ 0062] Figure
01@@ illustr aES@eﬁ)ﬁéISé’xnaéCb st;‘?n%ﬂeoéﬁal 'y depositing
[O1§3 terial (epgyethelencoxide-polymethylmethacrylate
[0124] could be used for this process and other phase morphologies are
achievable (e.g., besides the hexagonal close-packed cylindrical phase
morphology described here). For example, other phase morphologies
may include spherical phase, the lamellar phase, etc.
[0125] Hereinbelow and referring first to Figures 2(a) and 2(b), is detailed an
exemplary self-assembly process using diblock copolymers exemplary
including polystyrene (PS) and poly(methyl methacrylate) (PMMA).
[0126] First, the PS-PMMA diblock copolymers are preferably diluted in a solvent
such as toluene or the like, and spin-cast as a thin film preferably having a
thickness within a range of about a few nanometers to about a few
hundred nanometers onto a sample (e.g., such as a hard mask oxide
underneath (e.g., SiO2 which is thermally grown on silicon) or the like).
[0127] Then, the sample is heated (e.g., to a temperature within a range of 140
°C to about 200 °C, for several hours), thereby to promote the microphase
separation (hexagonally close packed (hcp)) array of the exemplary
polymers (as shown exemplary in Figure 2(a)), which results in an ordered
array formation in the film.
[0128] It is noted that it is the temperature which allows the two types of polymers
to separate themselves from one another, and gives them mobility. Thus,



silicon); [0063] Figure 3(f) illustrates a step 360 of

ani sotropically etching the silicon; and [0064] Figure
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| eave the silicon nanocrystial array on silicon;
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her dionbdlasiv hemdes devibe(it amayele opbinalyle e tsbald therdevices to a
meki srgalienstysidal sizenandrtiesehyisehling iy size@$ @tk Afnoparticles at
sel fihasemidlicne WoRE LY dadIfdId Baldttively using the molecular weight
of the materials allows such a scaling and control to a smaller size.

[0133] It is' noted that, instead of the aqueous developing step, another step could
be performed such as etching to leave the topography. Thus, preferred
embodiments of the present invention are not limited to the aqueous
developing step.

[0134] Returning to Figure 2(a), the black circles indicate where the PMMA
resides after it is phase-separated, and the white surrounding the PMMA
represents the PS matrix.

[0135] Figure 2(b) shows a histogram of pore diameters in the PS-PMMA film.
The narrow distribution (e.g., 10%) around the 20-nm mean-diameter
shows that these films are highly uniform.

[0136] The characteristic dimensions of features in the self-assembled film can be
adjusted by beginning with a different copolymer molecular weight, with
typical pore diameters ranging from about 10 to about 100 nm.

[0137] Hence, Figure 2(a) shows a top-down SEM image of a porous PS thin film
on silicon formed by diblock copolymer self assembly. The hexagonally-
arranged dark circles are cylindrical holes in the PS film down to the
substrate from which the PMMA has been selectively removed. Figure 2(b)
shows a histogram of pore diameters showing a narrow distribution of
~10% centered around 20 nm for PS-PMMA molecular weight 67 kg/mol.

[0138] The thin porous polymer template formed from diblock copolymer self

assembly is compatible with standard semiconductor processes (e.g., it



preferred enbodi nent of the present invention. [0079]
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[0145] That is, since the thin film 306 should be a truly conformal deposition
which covers every surface with the same thickness regardless of the
surface being a vertical surface or a horizontal surface, in order to fill up or
“pinch off” the holes, the thickness deposited should be at least half of the
width on either side of the hole in order to pinch together. Thus, the
thickness deposited should be at least half of the diameter of the pore.

[0146] Hence, since a directional etch is to be performed subsequently, it is noted
that because of the dimension of the patterns, a vertical thickness of the
deposited silicon layer (e.g., amorphous silicon layer) is much greater
inside the hole than it is on top of the oxide. It is possible to take
advantage of such a greater thickness to leave material in these holes
which will become the silicon nanocrystals.

[0147] Then, in step 360 and as shown in Figure 3(f), the conformally deposited
silicon 306 is etched using an anisotropic directional etch RIE process that
leaves silicon 306 in the pores. Thus, the directional etch of silicon is
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[01%%& \gq-})b a@tggp&gféhlﬁ deyiceesituciye is that self-assembly is used to

define a dense array of uniform nanometer-scale silicon nanocrystals in
the gate stack of the FET.

[0156] A key component of the device is a gate stack, and hereinbelow is
provided a process flow for producing a stack containing uniformly-sized
silicon nanoctrystals separated from the silicon channel below by a thin
program dielectric.

[0157] In step 410, a substrate 401 is provided (e.g., a p-type Si substrate).

[0158] Then, a layer of oxide 402 (e.g., exemplary SiOy) is used, but of course
other oxides and nitrides or stack dielectrics or high k dielectrics could be
employed is thermally grown on the substrate 401 or deposited by CVD or
atomic layer deposition (ALD) or other means, as shown in step 420 and
Fig. 4(b). This layer thickness defines nanocrystal heights, and may
exemplary be between about 2 to about 20 nm thick. As would be evident
to one of ordinary skill in the art, the conductivity of the substrate could be
different and it is not require that a p-type substrate is used.
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pol y@pqaltmzodbrml,wmmlmﬁeﬁg having a thickness of ~2-8 nm)
nitride dielectric deposition, and then performing an anisotropic silicon

nitride RIE etch, which leaves a small nitride ring around the edge of the
hole, thereby making the hole narrower than before, but preserving the
uniformity of the size.

[0165] Thus, the size of the nanoparticles (to be built) can be suitably adjusted by
this step, and allows setting and precisely controlling the dimensions of the
nanoparticles.

[0166] Hence, in contrast to the conventional techniques including CVD
processes of making a nanoctrystal gate device, in which all that can be set
is an exemplary particle dimension “which may be within a range of 2-50
nm” and which are scattered randomly all over the wafer with an average
distance of “X”, it is possible to achieve a very precise controlling of the
dimensions of every patticle, and can set a very precise specification (e.g.,
a specification can be made for “a particle having a 20 nm +1-2 nm, and
positioned such that each particles is spaced 40 nm from the next”).

[0167] Hence, a precise spacing and sizing can be obtained. Indeed, it has been
shown to achieve a substantially uniform particle spacing (e.g., a center-
to-center spacing between adjacent particles) with a variance of no more
than 20%. More specifically, the variance of the particle spacing may be
no more than about 15%. More specifically, the variance of the patticle
spacing may be no more than about 10%.

[0168] Thus, it has been shown to achieve a substantially uniform particle
spacing, having a variance of the spacing within a range of about 10% to
about 20%. This is in contrast to the CVD method in which the particles
are typically clustered randomly on the wafer.
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or example, instead of silicon, Gé, SiGe, or another material could be
employed for the nanocrystals.

[0177] Once the gate stack is grown, the device can be completed (source/drain
patterning, gate contact) using standard FET fabrication processes.

[0178] Such processes may involve removing the nanocrystals from the
source/drain region, patterning the source/drain, and performing a self-
aligned source/drain implant to define highly-doped regions. These
processes are schematically illustrated in step 490 and in Fig. 4(i).

[0179] Thus, with the unique combination of exemplary features described
hereinbefore a nanocrystal memory device can be formed in which the
nanocrystals can be defined using a self-assembly process.

[0180] It is important to note that in the preferred embodiments of the present
invention at least one of a size, spacing, and density of the nanopatrticles
may be templated by the self-assembled material (e.g., as illustrated in
Figures 4(a)-4(j)). Alternatively, at least one of the size, spacing, and
density of the nanopatrticles may be defined by the self-assembled



[0130] Again, it is noted that other norphol ogi es can
be enpl oyed, and thus "ordered array" is not |imted
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KH%%%%%E%§§M@%f¥%?%% Thus, choosing a nmaterial (e.g.,

) wth a |larger mol ecul ar weight will create
| arger holes (e.g., larger spacings). Geater (or
| esser) spacing may be desirabl e dependi ng upon the
application. For exanple, for a flash nenory device,
it my be desirable to scale the devices to a smaller
physi cal size, and thereby scaling the size of the
nanoparticles at the sane tine woul d be desirable.
Sel ectively using the nol ecul ar wei ght of the
materials allows such a scaling and control to a
smal ler size. [0133] It is noted that, instead of the
aqueous devel opi ng step, another step could be
performed such as etching to | eave the topography.
Thus, preferred enbodi nents of the present invention
are not limted to the agueous devel opi ng step. [0134]
Returning to Figure 2(a), the black circles indicate
where the PMVA resides after it is phase-separated,
and the white surrounding the PMVA represents the PS
matri x. [0135] Figure 2(b) shows a histogram of pore
di aneters in the PS-PMVA film The narrow distribution
(e.g., 10% around the 20-nm nean-di aneter shows that
these filnms are highly uniform [01 36] The
characteristic dinmensions of features in the
sel f-assenbled fil mcan be adjusted by beginning wth
a different copol yner nol ecul ar weight, with typica
pore diameters rangi ng fromabout 10 t.o about 100 nm
[0137] Hence, Figure 2(a) shows a top-down SEM i nmage
of a porous PS thin film



on silicon formed by di bl ock copol yner self assenbly.

The hexagonal | yarranged dark circles are cylindrical
whodoea14389 t he PS fil mdown to the substrate frpoT/HP2004051155

the PMVA has been sel ectivaby renoved. Figure 2(b)

shows a hi stogram of pore dianmeters show ng a narrow

di stribution of ~ 10% centered around 20 nm for

PS- PMVA nol ecul ar wei ght 67 kg/nol. [01 38] The thin
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same di nensi ons as ous
(ﬂSposed over said channel reglon a floating gate ayer of electrically conducting

material disposed over said insulating layer; a layer of electrically insulating
material disposed over said floating gate layer; and a gate electrode overlying
said layer of insulating material, wherein said floating gate layer includes a
plurality of discrete nanoparticles in which at least one of a size, spacing, and
density of said nanoparticles is one of templated and defined by a self-assembled
material.

[009] The field effect transistor of Claim 8, wherein said nanoparticles in said floating
gate have diameters between about 2 and about 30 nanometers, with size dis-
tributions no greater than substantially 15 %.

[010] The field effect transistor of Claim 8, wherein said self assembly involves a
block copolymer film.
[011] The field effect transistor of Claim 10, wherein said block copolymer comprises

a diblock copolymer including polystyrene (PS) and poly(methyl methacrylate)



[0144] In step 350 and as shown in Figure 3(e), a thin
film306 of conformallydeposited material (e.g.,

W@ Rlokaorsgd such as pol ysilicon or anorphous sil PCDREP2004/051155
potentially other material 47f rom whi ch nanocrystal s
may be formed such as germaniumor silicon gernmani um
or nmetal; an anorphous silicon |ayer will be assuned
in the exenplary process) is deposited on top of the
por ous oxide 302. The conformally deposited film 306
preferably should be continuous and preferably shoul d
fully confeymed y cover the surface. Preferably, the
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(e. 9., ndaceylaie/Ppoipaetdyin@haydyag-polybutylmethacrylate, polystyrene-
polybutadiene, polystyrene-polybutylacrylate, polystyrene-polybutyl-
methacrylate, polystyrene-polybutylstyrene, polystyrene-polydimethoxysiloxane,
polystyrene-polyisoprene, polystyrene-polymethylmethacrylate, polystyrene-
polyvinylpyridine, polyethylene-polyvinylpyridine, polyvinylpyridine-
polymethylmethacrylate, polyethyleneoxide-polyisoprene, polyethyleneoxide-
polybutadiene, polyethyleleoxide-polystyrene, and polyetheleneoxide-

(

polymethylmethacrylate.

[018] The field effect transistor of Claim 8, wherein said nanoparticles are arranged in
one of a hexagonal lattice and a cubic lattice.

[019] The field effect transistor of Claim 10, wherein said block copolymer comprises

a diblock copolymer including a molecular weight within a range of about 5,000



thereof). [0149] As shown in step 370 and in Figure

3(g), optionally, the oxide 302 is selectively renoved
wagiag14sanet chemical etch or the |ike such asPdi/EP1064/051155

hydrofluoric acid (HF), thdBeby resulting in a dense

regul ar array of silicon "dots" (e.g., structures)

extendi ng over the sanple that reproduce the pore

pattern in the original PS-PMVA film [0150] Thus,

with the exenplary process above, it is possible to

forman array of silicon particles having the sane
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t he S|I|conc hi n ram

di el ect r i M ePPﬁ“%Q %Ba"%’ﬂﬁ‘dﬁ H&%@% raa@ anigeropjcglly etching said
provi ded naeomuticlamptetiglpe Si substrate).
[027] The method of claim 26, wherein said creating comprises one of developing

pores of said porous polymer film and etching to create pores of said porous

°HE

polymer film.

[028] The method of claim 26, wherein said nanoparticles comprise at least one of
silicon, germanium, silicon-germanium, and metal.

[029] A method of making a uniform nanoparticle array, comprising: performing

diblock copolymer thin film self assembly over a first dielectric on silicon;
creating a porous polymer film; transferring a pattern into said first dielectric; se-
lectively growing epitaxial silicon off a silicon substrate from within pores to
create a silicon nanoparticle array. ‘

[030] The method of claim 23, further comprising: shrinking said nanoparticles by
oxidation or etching.
[031] The method of claim 23, further comprising: one of shrinking pores with a spacer

process prior to forming said nanoparticles, and enlarging pores by etching prior



[0158] Then, a layer of oxide 402 (e.g., exenplary Si O
) is used, but of course other oxides and nitrides or
wer@al148€l ectrics or high k dielectrics coul dPGOEEP2004/051155

enployed is thermally growt9on the substrate 401 or
deposited by CVD or atomi c | ayer deposition (ALD) or

ot her neans, as shown in step 420 and Fig. 4(b). This

| ayer thickness defines nanocrystal heights, and may
exenpl ary be between about 2 to about 20 nmthick. As
woul d be evident to one of ordinary skill in the art,

the condugggﬂaﬁ%mﬁ%55ﬁ gﬁﬁﬂj Ate could be different

@@2h i's not require. t p-type substrate is
[015 mﬂ@ﬂ%f%&b@%ﬂ@ﬂomﬂwqm Piigupamprising; the method of

t he di bl ofdbrﬁatmgl t&eﬂﬁnoﬁz&ﬁcls girdy él&ﬂfﬁﬂitﬂzi- fRinRERRDxIde layer over
per f or mred 29059 thls oxi d t he

402
nanomet er “E5PAMIs G eernr?n?%yﬁtg EAYEE g fﬁrn@’& M‘%Pwn@é‘ gAgmaterial over
usi ng thesdeX@GEWQSS depicted earlier in Figure 3(c).

84 60] Af[h@fne&ﬁ& oﬁélﬁm ﬁi‘ %vhgfékﬁ’ éBﬁ{ oﬁ&sl et séilvés’ &Qec@ntrol oxide in the

and the fer c
cheni cal EF%en %‘i‘demglfl ‘Tsﬁ’ethﬂc “PF@? Mt?ﬁérféw ﬁ%@b%}@z‘ 59 about 10 nm.

[03#lous di Fhenkthiod of dxind®)), firtHervatOpRingn tlﬁt[hd]lycgiiosﬂﬁé aprogram oxide

as shown | oMV

§i§§% , th H%r;tﬁgnet &t anadﬂfrglj“?qi‘s Fﬁé&’%]&ﬁér a USB néﬁ%‘ld ocrystals.
B lunk (e The Tloatigs galg of elaim bawhsirgia said ﬁ@f—aasmblhd)msrlalr@es a material
formed) uwhieh nawmillyToe AeRAgIdign and ani sot ropi ¢
etch. [0162] That iIs, as described above, one can
start initially wwth different polyner nol ecul ar

wei ghts to set (e.g., tenplate or define) any of the
size, the distribution and spacing of the holes of the
pol ymer. [0163] However, as another option, a fixed
pol ynmer could be used, and after the polyner pattern
has been transferred into oxide, the holes could be

wi dened or shrunk once they are in the dielectric
material. There are two exenplary nethods for
perform ng such a wi dening or shrinking of the holes.
[0164] First, in Figure 4(d) in which the PS pattern
has been transferred into the oxide to make them
porous, the holes could be further etched (e.g.,
overetched), which would wi den the holes further

| aterally, but preserve their center positions,
center-to-center spacing, and uniformty. This would
make the holes larger. Alternatively, the holes could
be shrunk by depositing a conformal, very thin (e.qg.,
having a thickness of ~2-8 nm




nitride dielectric deposition, and then perform ng an
ani sotropic silicon nitride RIE etch, which | eaves a

weoensld114aspri de ring around the edge of the hol eCT/EP2004/051155
t hereby maki ng the hol e narrower than before, but
preserving the uniformty of the size. [0165] Thus,
the size of the nanoparticles g%p be built) can be
suitably adjusted by this step, 'and all ows setting and
preci sely controlling the dinensions of the
nanoparticles. [0166] Hence,[Fighooontrast to the
conventional techniques including CVD processes of
maki ng a nanocrystal gate device, in which all that
can be set is an exenplary particle dinension "which
may be within a range of 2-50 nni and which are
scattered randomy all over the wafer with an average
di stance of "X', it is possible to achieve a very
preci se controlling of the di nensions of every
particle, and can set a very, precise specification
(e.g., a specification can be ngte for "a particle
having a 20 nm 1-2 nm peRted oned such that each
particles is ipaced 40 Bk 0L $éntRoL odpP 16 7]
Hence, a prectéBe&HEci fng can be obt ai ned.
I ndeed, it has begg st [ exe . vh(gg&gntially
uni formparticle spa N2 NN -center

X NN gh a variance of

f%{//%’//%%\ -
no nore than 20% #5 o0 C Al ypeit he vari ance of
the particle spacifw/{ YAQ%%%%%%%%%%%han about 15%
More specifically, the variance of the particle
spaci ng may be no mor é%’han about 10% [0168] Thus, it
has been shown to achi evEl@slBstantially uniform
particle spacing, having a variance of the spacing
within a range of about 10%to about 20% This is in
contrast to the CVD net hod Eﬂ whi ch the particles are
typically clustered random y ont®he wafer.[0169] Next,
as shown i 47 st daP -ﬁiiiﬁﬁ:""‘f@ e 4(e), a program
oxi de 405 i s t her malNVEEEAREX L]

exenpl ar i ckness W |
about 4 m&)‘sﬁ’d’fg?ﬁ b BHOoMS g by step 460 in
whi ch a confor mal gskiRepBARS e~ Sim lar to the
anor phous or pd¥# Wé\% in step 350 of
Figure 3(e)) is dggigi o0 28 i ahpadn Fig. 4(f).
[0171] As Shown il Skep /0 4ol 16 Bl gure 4(0).
nanocrystals 407 are

other with an ani sotr%SF ¥n R E which stops when

‘Q




t he oxide | ayer 402A below is reached. [0172] The
thermal oxi de 402A between the nanocrystals can be
wopbi4anadsby t hi nned or renoved at this stage bPCT/EP2004/051155
sel ective wet chemical or RIE etching. [0173] Next, in
step 480 and as shown in Figure 4(h), a |layer of oxide
408 i s deposited over (e.g., optop of ) the
nanocrystals. This |ayer 408 MAF| serve as the contro
oxide in the device (e.g., typical thickness val ues
range from about 4 to about [E@.00f] [0174] The contro
oxide is fornmed preferably by deposited
| owt enperat ure oxi de such as | ow pressure CVD (LPCVD)
oxi de (or plasma-enhanced CVD (PECVD) or rapid therm
CVD (RTCVD) or atomi c |ayer deposition (ALD)).
Alternatively, the control oxide may be forned by
thermal oxidation (e.g., preferably at a tenperature
within a range of about 700 to about 1100) of the
silicon nanocrystals. The gate material 409 is
deposited next, and is preferably fornmed of poly-Si or
nmetal having a suitable thickness. [0175] The
nanocrystals can optionally be crystallized using a
hi gh- tenper &t T e e 055 xy typically
an anor phous isi id then
5 ynor phous and
conventi onal
BL t enper atures

not necessari#
devi ce fabri

whi ch are hi | es becone
crystallizedg ¢ kept
relatively | @ ndi ng, of
course, on t hadie ,Ethe

anor phous nai,f" i 4 ¥ r et ai ned.
[01 76] It ifvggu_‘a' ; gocxenpl ary
enbodi nent ap® ate the
nanocryst al sg o long as

the materi al P _ ett#and can be
conformal | y deposrtead »‘#v T e fad of
silicon, Ge, SiCe, material could be

enpl oyed for the nanocrystals. [0177] Once the gate
stack is grown, the device can be conpl eted
(source/drain patterning, gate contact) using standard
FET fabrication processes. [0178] Such processes may

i nvol ve renoving the nanocrystals fromthe
source/drain region, patterning the source/drain, and
perform ng a selfaligned



source/drain inplant to define highly-doped regions.
These processes are schematically illustrated in step
woM4aneshn Fig. 4(i). [01 79] Thus, with the BAQTAB2004/051155
conbi nation of exenplary features described
her ei nbef ore a nanocrystal nenory device can be forned
i n which the nanocrystals can @P,defined using a
sel f-assenbly process. [01 80] It is inmportant to note
that in the preferred enbodi nents of the present
invention at | east one of a [fiz@®P3kpaci ng, and density
of the nanoparticles may be tenpl ated by the
sel f-assenbled material (e.g., as illustrated in
Figures 4(a)-4(j)). Alternatively, at |east one of the
si ze, spacing, and density of the nanoparticles may be
defined by the self-assenbledmaterial (e.g., where the
nanoparticles are separated by the sel fassenbl ed
material). [0181] Further, the nanocrystal nenory
devi ce (and nethod for forn1ng it) allows good contro
over the uniformtly ‘of Thg t he nanocryst al
particles, and ovdgr theirgldistribution (e.g., where
the nanocrystals gre | oc t he spaci ng between
them). Thus, the ifmventi results in a device
having a regular dfray o nocrystal s throughout
the active area of 1182] [ 001] A floating
gate for a field gf Ir, conprising: a

d\.}‘}
SRR

&

T
AR

plurality of discn oparticlles in which at | east
one of a size, spdci ; densijty of said
nanoparticles is ¢r 2eppl ated and defined by a
sel f-assenbl ed maferi ’Q ) 2] The floating gate of

claim1l, wherein g3 & s have di aneters

bet ween about 2 and about 30 nanoneters w th size

di stributions no greadrepuMEiERRpm)SUD stantlally 15 % of a
mean di aneter of the pﬁ icles. [003] The floating
gate of claim1, wher ﬁirticle spacing is
substantially unlforn1 havi ng a variance of no nore
than 20 % [004] The floating gate of claim 3, wherein
said particle spacing is substantially uniform having
a variance of no nore than 15 % [005] The floating
gate of claim4, wherein said particle spacing is
substantially uniform having a variance of no nore
than 10 % [006] The floating gate of claim2, wherein
a center-to-center spaci ng between adj acent
nanoparticles is controlled to have a variance wthin
a range of 10 %to about 20 %



[007] A floating gate for a field effect transistor,
conprising: a plurality of discrete nanoparticles,
wohewail#ssgsai d nanoparticl es have di anet ers bet REBMP2004/051155
about 2 and about 30 nanoneters, with size
di stributions no greater than substantially 15 %of a
mean di aneter of the nanopartigles. [008] A field
effect transistor, conprising: a source region and a
dramregion formed in a sem conductor material; a
channel regi on di sposed bet egh084] d source region and
said drain region; an insulating |layer of electrically
insulating nmaterial disposed over said channel region;
a floating gate layer of electrically conducting
materi al di sposed over said insulating |ayer; a |ayer
of electrically insulating material disposed over said
floating gate |l ayer; and a gate el ectrode overlying
said | ayer of insul ating material, wherein said
floating gate | ayey &l u a plurality of discrete
nanoparticles hi waig at%%gast one of a size,
spaci ng, and densit X sgﬁg nanoparticles is one of
Yy
hs

///',‘3‘; e
5 // iz
R v

2

tenpl ated and def el f-assenbl ed nmateri al
[009] The fieldgeffdtn istor of Claim8, wherein
sai d nanoparti Tlres=fH4dai d fl oati ng gate have

di ameters between about 2 and abou® 30 nanoneters,
with size dis-4ribuidmgs no greater~dgEgy substantially
15 % [010] The EHENS &f f €0t transi stptof (Paim 8,

D
o

wher ei n sai 4. sel a.§%§olﬁﬁinvolves B hck€éopol yner
film [011] FNE dheh df f €0t transi sk pf ai m 10,

wherei n sai & bl cER—Cag| v rconpridi ock
% = ' *“Spo?%(nethy

copol ymer i ncl.udj hh AR
met hacryl ate) (PMVA). [012] The fi ekd fect transistor

of Claim 8, “the"\‘ ,d nanopartjct ﬁmﬁm§clude at
| east one of sSilggdSREEHer pani um Aan@EsEaN

iL
teRnsi st or

of daim8, whergiinkaaid pgnopar t-+c|a sigry is
greater than 10%3HcRRx[ 0FA4] The ‘ f%
transistor &2 ailniiiiwhbrei n said Wahapartt cl es are
arranged in a cl5Se Eked, two-dine mal hexagona
lattice. [015] The field effect transistor of claim
14, wherein saig eeRal Iatticem;@ 4des an aver age
i nter-nano e Len bet we gi}Hina nd about
2 times an%éér iy Wpaedicl e di n E:ELM? a
standard devi at Ii# \{ nt @y - nanop dg?znme no
greater than suBEyaingl | = 20% of § an st ance.
[016] The fﬁ&d RBRY t riansi st or A% g m*, wherein
sai d nanoparti cF&ESTT aid floati ;



gate include first and second distinct sizes, each

with di aneter standard devi ations being | ess than
wapproisasat el y 15% of a nmean di aneter of sai d PCT/EP2004/051155

nanoparticles. [017] The field effect transistor of

Cl ai m 10, wherein said block copolyners conprises a

di bl ock copol yner including an f polystyrene (PS),

pol y(net hyl nethacrylate) (P ,

pol ybut adi ene- pol ybut yl rnet hcryl at e,

pol ybut adi enepol ydi net hyl si | [figames]

pol ybut adi ene- pol ynet hyl net hacryl at e,

pol ybut adi enepol yvi nyl pyri di ne,

pol yi sopr ene- pol ynet hybnet hacryl at e,

pol yi sopr enepol yvi nyl pyri di ne,

pol ybut yl acryl at e- pol ynet hyl net hacryl at e,

pol ybutyl acryl at epol yvi nyl pyefay -

pol yhexyl acryl at e- pol yvi nyl pymrdi ne,

pol yi sobutyl enepol ybut yl pet-hectytate,

polyisobutyleneLpondinetﬁ%%?%@?'%%1@@9

pol yi sobut yl ene- pol ynet hytmetiracryt at e,

pol yi sobut yl enezpQl xyi.ny i
pol ybut yhnet ha%% % rytdte,

pol yret hyl net hacryl at e- porybugytmethacr yl at e,
pol yst yr enepol ybut adi engj -
polystyrene-polybutylacry?%%@ﬁﬁgNme”’“w
polystyrene-polybutylnetnacryqate,

pol ystyrene- pol.ybutyl st VI EBgSTmmrn |30
polystyrene-polydinethoﬁys+§%Taﬁe7~f’
pol yst yrene- pol yi sopren

300
pol yst yr ene- pol ynet hyhnd
pol ystyrenepol yvi nyl pyri dine
pol yet hyl ene- pol yvi nyl p)PELEGFYREY REMOVE | 379
pol yvi ayl pyri di nepol ynetthybn DEaCLy.ate,
pol yet hyl eneoxi de- pol yi sopr
pol yet hyl eneoxi depol ybut adi
pol yet hyl el eoxi de- pol ystyrene, and
pol yet hel eneoxi depol ynmet hyhnet hacryl ate. [018] The

field ef fect transistodig OFE-83-3»hesei sai d
nanoparticl es = | qAang {:’1’%/////% agonal
lattice and a cubi'c l'attice. [019] The field effect
transi stor of Caim 10, wherein said bl ock copol ynmer
conprises a diblock cogplymer including 3, I | ecul ar
wei ght within a range of abou0000kHm] 10 about
250, 000 kg/ molE|(04% The b ek Aansi stor of
Claim 10, wherein a nolecul ar weight of said block
copolynmer filmis selected to determ ne di nensi ons of
sai d nanoparticles. [021] The field effect transistor
of Caim 10, wherein a nol ecular weight of said bl ock
copolymer filmis selected to determ ne a di aneter of
sai d nanoparticles after said self-assenbly and a
spaci ng between adj acent ones of said nanoparticles.
[022] A nmethod of formng a floating gate for a field
effect transistor, conprising: formng a plurality of
di screte nanoparticles using a self-assenbled materia
to




one of tenplate and define any of a size, spacing, and

density of said nanoparticles. [023] A nethod of
waoahid4ng4zmo nanoparticl e array, conprising: repl PCatEPI®4/A51155

di mension of a self-assenbled filminto a dielectric

film to forma porous dielectric film conformally

depositing a material over said-porous dielectric

film .and anisotropically and selectively etching said

deposited material. [024] The nethod of claim 23,

wher ei n sai d nanoparticl e ar[Fay008hpri ses a uniform

nanoparticle array, and wherein said self-assenbl ed

firmconprises a polyner tenplate. [025] The net hod of

claim23, wherein said replicating is perforned

wi thout dete riorating a dinmension and uniformty

i nherent in the self-assenbled fil k£26] A nethod of

maki ng a uni f orgg ngn tgCH rgz@8), Cconpri sing:

form ng a dibl ock ' | lm via

sel f-assenbly, ove gerric on silicon;

creati ng BI@a##Gus HF 4 ' i

into said first dielectric; confor

nanoparticle magerda .r&u"' . chi ng

, . I A e ey :
sai d nanoparticl e BBEB AL 77027 7/The nethod of claim
26, wher erasnd lf///%d/%{{‘/(/tl/(lﬁ(/%/ﬁs one of devel opi ng
pores of sald porous polyner filmand etching to
create pores of said porous polyner firm [028] The
met hod of cl ai mz ol et : .,.' (" )2 LA .wi
conprise at |east g 2P ¢80, 1ger mani um
sili con-qerg_mg’um /’// A et hod of making
a uni form nanoparticle array, conprising: performng
di bl ock copolyner thin filmself assenbly over a first

dielectric on 4B et ¥ipetides pol yner film
transferring a paf &

B 7 irst dielectric; se
| ect vel \FI@ dff ng lapgiia

NN

e s

//%/%//%///// off a silicon
substrate fromw thin pores to create a silicon
nanoparticle array. [030] The nethod of claim 23,

further conpri $@ng S KITE BT M&%lﬁgl es by

2y —-ALE-——'—_ ghcs iyt LS g DL R
oxi dati on or et chiBE /4877 755 % i m 23,
further EdGAG %W/fy//ﬁ// pores with a

spacer process prior to formng said nanoparticles,

and enl argi ng I RSccirel-cil R RLL.ObA8ai d f or m ng
sai d nanopartic e TR \\\\\\-"*\—ﬁ\\ doTrof oxiDe s at i ng

nanocrystal nenor %yﬁéf%}%%ﬁ?& ng: the nethod of
fabricat e 4pe %M%%A///é of claim 24;
form ng an oxide | ayer over

2N

FiG.41




nanocrystals of the nanocrystal particle array; and
depositing a gate material over said oxide |ayer.
wpQeR1143se et hod of claim 32, wherein said oxPde/FEP2pe051155
serves as a control oxide in the device, and includes
a thickness within a range from about 4 to about 10
nm [034] The nethod of claim 32, further conprising:
thermally growi ng a program oxide prior to formng an
anor phous silicon layer for use in framn g said
nanocrystals. [035] The fl odtFigad0dht e of claim 1,
wherein said self-assenbled material uses a materi al
which naturally forns a regular array.1/7 [Hg. 001]
OXIDE FIG 1B2/7 [Fig. 002]3/7 [Fig. 003] PORE
DI AVETER(nnm) FI G 2B4/7 [Fig. 004]5/7 [Fig. 005]
FI G 4B6/7 [Fig. 006][Fig. 007]
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