; PQe3e96I (L6T*OPROCESS TO MANUFACTURE NONVOLATI LE MOS MEMORY DEVI CE FI ELD
OF THE I NVENTI ON The invention relates to the general field of
m croel ectronics with particular reference to nonvol atile MOS devices, nore
. specifically to their manufacture. BACKGROUND OF THE I NVENTION In the
upcom ng age of nanot echnol ogy, where devices may be a thousand tines
smal l er than the m crochi ps of today, sem conductor nanocrystals (Quantum
Dot s) have exhibited charge storage capability. This prom ses to be useful
in future maRoPRsy TOMARUFACAURE NONVESISY c-mﬂné MBSCMEMORY DS
i nvestigation by various research groups. arge storage devices that
exceed the performance limts of a conventional floating-gate device have
attracted a great deal of interest and are spurring rapid progress in this
area. Quasi-nonvol atile MOS nmenory devi ces enploying silicon nanocrystal
- charge-storage sites produced by ion inplantation into the gate oxide have
al ready been dennnstrate Phys. Lett. 68 (10),
p. 1377, 1996) or ger mani u [ﬁmnl\@[: Tﬁélfﬁvﬁﬁﬁﬁsﬁech Dig., 1998, p.115).
Devices with enbedded silicon 1 or germani um nanocrystals, fabricated
using ion inplantation, exhibited superior data-retention characteristics
as conpared with conventional floating-gate devices. However, the ion
i npl ant at i ofhe deventiqneraiates i tosthel genenal diedd siciviciselacirenics pritic pasicutart | ne,
a non-uni form germanium profile in the oxide and a conprom se on the -
cont r oleferencke tanohvakitie M@® deuiabs tmord spexifibially toiheironanufpkttng.at i on pl aces a
lower limt on the top control -oxide thickness. It has been suggested to
use radi o-frequency co-sputtering and rapid thermal annealing to formthe
oxi de | ayer containing germani um nanocrystals in US 6, 656,792 (Choi et al).
A high quality layer of thin tunnel oxide is first grown by rapid thernal
oxidation prior to the sputtering process. However, the subsequent
sputtering step resultsghl@REOUND @PC'FHEWRIVEI\FT[@N de filmand al so has a
problemw'th particle generatlon A routine search of the prior art was
performed with the follow ng references of interest being found: In US
6, 128, 243 Chan et aI shOM/a menory for a SRAM usi ng ger nmani um
Nanocrystals 783, 498 tta ho ocess.to for er mani um
Nanooryst al'd. ey P?PAWQ%? & o il dmalin yHeds davidsS; HEYoe dhinaiiend
Nanocr stals P gﬁ 60, 743 while, in US 6 090, 666, Ueda et al. show
anot hei™ fspsllesdhpg et &smoafypmﬁ iniaNa 88 ETISRNCACOr RanocgiARRR UGt IRE
INVENTICN It has been an object of at |east one enbodi nent of the present
i nvent Pels) thavprexiikiedachnree estarager canahilitucThisi prgmusasote bel uasfuleinnfvitrey
devi ce. Anot her object of at |east one enbodi nent of the present invention
has beren-volatiles atamaryy iapplitationt ahd NOBSutrgplly UBider | inaestigation oby eedricnk at
| east one enbodi nent of the present invention has been

research groups.

Charge storage devices that exceed the performance limits of a conventional
floating-gate device have atiracted a great deal of interest and are spurring rapid
progress in this area. Quasi-nonvolatile MOS memory devices employing silicon
nanocrystal 6harge—storage sites produced by ion implantation into the gate oxide have
already been demonstrated (Tiwari et al., Appl. Phys. Lett. 68 (10), p.1377,1996) or

germanium (King et al. [EDM Tech. Dig., 1998, p.115). Devices with embedded silicon



that the gate insulation of said device include germani um nanocrystal s
suspended-in silicon oxide. A further object of at |east one enbodi nent of
the present invention has been that formation of said gate insulation |ayer
not require use of either RF sputtering or ion inplantation. These objects
have been achieved by initial use of rapid thermal oxidation to grow a high
quality layer of thin tunnel oxide. Chem cal vapor deposition is then
carried out to deposit a germani um doped oxide |ayer. A capping oxide is

then d@rpgggrﬁ'l‘éﬂlufrﬁl ﬁ%%t%' Hhlie tﬁél%uiroﬁ iirﬁ%[%ﬁﬂrygn hiBHelY <8 @r‘;r'c?rl ed to

‘'synt hesi t he ger nmani nanocr sta e use em cal “vapor ep05|t|on

Pr ocesaatgorg%nrﬁgh Blll%‘é?tt ?is |c95, egine V\}étﬂlgc%ﬁ\?eéﬁlggt@f (ﬁgaf) X%a% ! 'ﬁ\(}lgé]s??zn 't

al so gives rise to

|rrplanat|on ent.. In addition, the ich the
ger mant aHENEn 3@?@15}1&'&3@308&8@%@% 5 ¢ sakatonS e %S«/aﬁgn%@ﬁ%%ﬁséwgto a
sputtered oxide. ?’hl s results in _superior char %e retention capability.
BRI EF BRSCRITOn-¢nienm gemasiamy Nefleringhe1oxige ads 3 CRErOMISST on theygentrel
tunnel i n_g oxi de on the surface of a silicon body. FIG 2 shows formation of
~ a ger n&fifemnddpledfass iayelityaylaradsition, @n implatation pigsess vwes imit enthsf tophe
cappi ng | ayer.

control-oxide thickness.

It has been suggested to use radio-frequency co-sputtering and rapid thermal
annealing to form the oxide layer containing germanium nanocrystals in US 6,656,792
(Choi et al). A high quality layer of thin tunnel oxide is first grown by rapid thermal
oxidation prior fo the sputte'ring process. However, the subsequent sputtering step
results in a non-stoichiometric oxide film and a.lso has a problem. witﬁ particle

generation.

A routine search of the prior art was performed with the following references of

' interest being found:

In US 6,128,243 Chan et al. show a memory for a SRAM using germanium
Nanocrystals. US 5,783,498 (Dotta) shows a process fo form germanium Nanocrystals.
Sugiyama et al. show a memory device using gerrnanium Nanocrystals in US 6,060,743
while, in US 6,090,666, Ueda et al. show another memory device using germanium

Nanocrystals.
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FIG 4 illustrates the appearance of the Ge nanocrystals after RTA. FIG 5
illustrates a finished device. FIG 6 is a GV curve for a gate insulation
| ayer of the type used in the present invention. 4 DESCRI PTI ON OF THE
PREFERRED EMBCODI MENTS Overview. Rapid thermal oxidation is first used to

grow a high quality layer of thin tunnel oxide. Chem cal vapor deposition

‘1s then carried out to deposit a germani um doped oxi de | ayer. A capping

oxide is then deposited follow ng which the structure is rapid thermally

anneal ed to synthesize the germani um nanocrystals. Referring nowto FIG 1,

the process of the present invention begins with the provision of silicon

body 11. Body 11 is prefgyr - { IS.WS not essential for the
i nvention to work. Tunne@@@%@glgggﬁﬁy\{@%@% grown on the upper surface
of 11. This was achi eved by neans of rapid thernmal oxidation (at between

about 900 and 1,000 C for between about 5 and 60 seconds in a dry oxygen
anbient), leading to an oxide thjickness that is between about and 2 and 5
nm Next, al N@schesmap ebiect of alleash enerergbedigent of do ddessntiiaventionolei de i s
deposited onto tunnel oxide |ayer 12: Layer 21 was formed by reacting

si | anePfayide apracese fyonaaifacigng & nwevolatieunemonnded®s ger mane and an
oxygen source (such as ozone or nitrous oxide under conditions of |ow
preéssure chem cal vapor deposition or

Another object of at least one embodiment of the present invention has been

that said device be of the MOS type.

Still another object of at least one embodiment of the present invention has been
that the gate insulation of said device include germanium nanocrystals suspended in

. silicon oxide.

A further object of at least one embodiment of the present invention has been
that formation of said gate insulation layer not require use of either RF sputtering or ion

implantation.

These objects have been achieved by initial use of rapid thermal oxidation fo
-grow a high quality layer of thin tunnel oxide. Chemical vapor deposition is then carried
out to deposit a germanium doped oxide layer. A capping oxide is then deposited
following which the structure is rapid thermally annealed fo synthesize the germanium
nanocrystals. The use of chemical vapor deposition process does not place a lower limit

on the top control-oxide thickness. It also gives rise to better control oxide and interface



pl asma- enhanced cheni cal vapor deposition. 5 This is followed by the
deposition of capping |ayer 31 (usually, but not necessarily, silicon oxide
or silicon nitride) onto layer 21, as shown in FIG 3. This layer is

bet ween about 10 and 50 nmthick and its deposition is achieved by using

| ow pressure chem cal vapor deposition or plasnma-enhanced chem cal vapor
deposition. At this point, formation of the charge retaining portion of the
- structure has been conpl eted except for the formation of the gernmani um

nanocr ystidl S %eir?@hﬂ%ionlﬁ?ﬁg 6t Soddt TR ik, HRE S84 9 %Ii\il:ft?afﬁgrmry

structdre,” l'ayers ‘are patterned to formgate pedes 52 as

“shown jJ I i st al;: our drain
et ordetEEim hanbifRral Bhe gk e d % B REREARING: BolBan ROV SERRERH on

i mpl ant at i .or by diffusing,suitabl e dopant.mterial through a hard mask
1f t heXf%s '?é%F”(Y}ér'%Pﬁﬁef&r%ﬁ?f%’@?%é?”é&&%f“gﬁ the silicon body 11, then
regions 51 will necessarily be N-type. Using conventional nethods,

el ectrical contacts to the source and drain regions and to the gate
pedestal are made. The final process step (after source and drain regions
have been forned) is to subject the device to a rapid thernmal anneal

(bet ween about 800 and 1, 000C for up to 300 seconds) in a non reactive gas
such as argon or nitrogen. This precipitates sone of the gernmani um out of
solution in the form of nanocrystals having a nmean di aneter between about 2
~and 10 nm such as 41 in FIG 5. Additionally, this annealing step serves
to repair ion inplantation danage as well as to activate dopant sites in
the source and drai rBRIEF PDESCRIPTIGN ©F SHESDRAVEING®! € of a capacitance vs.
voltage (G V) curve for a device for a device having a simlar structure to
t hat descri bed above (germani um nanocrystals enbedded in an anorphous

oxi de): but with the germani um and cappi ng oxi de | ayers fabricated using

sputtering g : i t i Y., esi s
seen in thetléni'vsgﬁ?@%%@% Ié)ctqs]o% hag%gg)!fl)(?qn;/gﬁ @9% g’é\vﬁécgﬁh%\&ést% ](c)rg eéliﬁ%arge.
When tgﬁgfpplied vol tage on the capacitor structure is increased from-15
to +15°VOl'ts, in steps of 0.5 volts, the capacitance follows curve 61 as
the P-doped silicon at the silicon-oxide intertace is driven from

accurrul ation to inversion. Wien the silicon is in inversion, electrons wll
be injected_into the gate oxide and subsequently be trapped at defect sites
in, or at, ke %%h%%f@ﬁf'@fh@fgéﬁﬁﬁﬁwm depprstexide taver oodiSeduent Iy, as the
applied voltage is swept, from+15 to -15 volts, in steps of 0.5 volts, the
capacitance follows curve 62, resulting in a positive flatband voltage
shift due to the electrons trapped by the Ge nanocrystals. Hence a

count er - cl cEIGv shdwsdepasitionn ofdhelcappingdayer. t he C-V characteristics. Wat
is clained is: 7 1. A process to manufacture a non-volatile nmenory
Structure, conprising: providing a silicon body having an upper surface;
growing a tunnel oxide |ayer on said upper surface; depositing a |ayer of

ger mani um deEed; Bidtife8 il petfanit 6F Bai e hHRGG stald &ffer RTA.
FIG. 5 illustrates a finished device.

~ FIG. 6 is a C-V curve for a gate insulation layer of the type used in the present

invention.



s layer; depositing a capping |layer onto said |ayer of germani um doped
silicon dioxide; and rapid thermally annealing the structure whereby
germani um nanocrystals are forned in said gernmani um doped silicon dioxide

| ayer, ion inplant damage is repaired, 00 and source and drain region
dopants are activated. 2. The process described in claim1l wherein said
silicon body is P-type; 3. The process described in claim1l wherein the
step of growing said tunnel oxide is layer further conprises rapid thernal
oxidation in a dry oxygen anbient. 4. The process described in claim3
wherein the step of rapid thermal oxidation is heating at between about 900
and 1,000 C for between about 5 and 60 seconds. zo 5. The process descri bed
inclaiml wherein said tunnel oxide layer is grown to a thickness that is
bet ween about 2 and 5 nm s 6. The process described in claim1 wherein
the step of depositing a | ayer of germani um doped silicon dioxide further
conprises using | ow pressure chem cal vapor deposition or plasnma-enhanced
chem cal vapor deposition. 5 7. The process described in claim1 wherein

the step of depositi nﬁa a_l aéer of germani um doped silicon di oxide further
conpri ses react iHRPGRIFHEN QFalie iRkRERRED EMBODIMENTS

Overview: Rapid thermat oxidation is first used to grow a high quality layer of thin
tunnel oxide. Chemical vapor deposition is then carried out to deposit a germanium
doped oxide layer. A capping oxide is then deposited following which the structure is

rapid thermally annealed to synthesize the germanium nanocrystals.

Referring now to FIG. 1, the process of the present invention begins with the
provision of silicon body 11. Body 11 is preferably P-type but this is not essential for
the invention to work. Tunnel oxide layer 12 is then grown on the upper surface of 11.
This was achieved by means of rapid thermal oxidation (at between about 900 and
1,000 C for between about 5 and 60 seconds in a dry oxygen ambient), leading to an

oxide thickness that is between about and 2 and 5 nm.

Next, as seen in FIG. 2, layer 21 of germanium doped silicon dioxide is
deposited onto tunnel oxide layer 12. Layer 21 was formed by reacting silane in a
- mixture containing between about 5 and 30% germane and an oxygen source (such aé
-ozone or nitrous oxide under conditions of low pressure chemical vapor deposition or

plasma-enhanced chemical vapor deposition.



“cont ai ni ng bet ween about 5 and 30% germane and an oxygen source. |lo 8. The
process-described in claim?7 wherein said oxygen source i s ozone or

oxi de.

capping layer onto said |ayer of gernmani um doped silicon dioxide further

conpri

pl asma- enhanced chem cal vapor deposition. 10. The process described in
1 wherein said capping layer is silicon oxide or silicon nitride.

claim

ni trous

9. The process described in claiml1l wherein the step of depositing a

ses using lowis pressure chem cal vapor deposition or

11. The process described in claim1l wherein said capping |ayer is

deposi
descri

ted to a thickness between about 10 and 50 nm 9 12. The process

ctrocture 1 e UGB BE< el Aoes il [ ftpihed /T 51 WBRSELG0P 40c and
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1, 000C f t . 300 ds in a ti 5 13 .
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14. The process described in claim1l wherein said nanocrystals have a nean

descri
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non-vol atil e MOS based nenory device conprisin

pressure chemical vapor deposition or plasma—enhanceg chemical vapor deposition.

At this point, formation of the charge retaining portion of the structure has been

.comp!eted except for the formation of the germanium nanocrystals (see below). To

complete format_ion of the nonvolatiie memory structure, layers 12, 21, and 31 are
patterned to form gate pedestal 52 as shown in FIG. 5. Then, using this gate pedestal
as a mask, source and drain regions 51 that abut it (and extend downwards from it) are
formed by ion implantation or by diffusing suitable dopant material through a hard

mask. If the preferred version of P-type was used for the silicon body 11, then regions

- 51 will necessarily be N-type. Using conventional methods, electrical contacts to the

source and drain regions and to the gate pedestal are made.

The final process step (after source and drain regions have been formed) is to
subject the device to a rapid thermal anneal (between about 800 and 1,000°C for up to

300 seconds) in a non reactive gas such as argon or nitrogen. This precipitates some

- of the germanium out of solution in the form of nanocrystals having a mean diameter

between about 2 and 10 nm, such as 41 in FIG. 5. Additionally, this annealing step

serves fo repair ion implantation damage as well as io activaie dopant sites in the

- source and drain regions.




‘providing a silicon body having an upper surface; growi ng a tunnel oxide

-l ayer on said upper surface; is depositing a |ayer of gernmani um doped
silicon dioxide onto said tunnel .oxide |ayer; depositing a capping |ayer
onto said | ayer of germani um doped silicon dioxide; patterning said tunnel
oxi de, germani um doped silicon dioxide, and capping |layers to forma gate
pedestal; io using said gate pedestal as a mask, form ng source and drain
regions that abut said gate.pedestal at said upper surface and extend
downwards therefrominto said silicon body; and rapid thermally annealing

t he devi ce whereby gernaniun1nanocrystals are s formed in said ger mani um

vt oo 161 B EEAmYE of 4 BRSO €- 0P BuNgih h B BB RER Sy i s
o o ik Sk, SRRE SRS E’tﬁ?ha%%%?a%i“ bR TaH AT nERSSystats: i on
Step S%%Paé%!%f?m%%ﬁé‘ﬁmuaﬂ%? ol il eSS an AT SaING SOCARITE. 000 C
for between about 5 and 60 seconds.

15
fabricated using sputtering in US 6,656,792 (Choi et al). The counter-clockwise

~ hysteresis seen in the C-V curve reflects the ability of the device to store charge.

When the applied vb!tage on the capacitor structure is increased from -15 to +15
‘volts, in steps of 0.5 volts, the capacitance follows curve 61 as the P-doped silicon at
the silicon-oxide interface is driven from accumulation to inversion. When the silicon is
in inversion, electrons will be injected into the gate oxide and subsequenily be trapped
at defect sites in, or at, the surface of the germanium nanocrystals. Consequently, as
the applied voltage is swept, from +15 to -15 volts, in steps of 0.5 volts, the capacitance
follows curve 62, resulting in a positive flatband voltage shift due to the electrons
trapped by the Ge nanocrystals. Hence a counter-clockwise hysteresis is observed in

the C-V characteristics.

What is claimed is:



19. The process described in claim15 wherein said tunnel oxide |layer is
grown to a thickness that is between about 2 and 5 nm 20. The process
described in claim15 wherein the step of depositing a | ayer of 20

ger mani um doped silicon dioxide further conprises using | ow pressure

chem cal vapor deposition or plasma-enhanced chem cal vapor deposition. 11
21. The process described in claim15 wherein the step of depositing a

| ayer of germani um doped silicon dioxide further conprises reacting silane
ina mxtur (] e I ; P! . an oxygen
source s 73 PTERRES 1O BRARHRES nBRTlatte fRthet) S B RE BRI, gtn sour ce
is ozone or nitrous oxide. 23. The process described in claim15 wherein
‘the step ofpPraEiding a siligombedy pavigg laayupper sudate; sai d | ayer of ger mani um
doped silicon dioxide further conprises using | ow pressure chem cal vapor
deposi tion nRANAREE LSAl osition. 24. The process
descri bed i%%g@gfﬁﬂﬁgﬁﬂhe#el%y§ﬁ§ﬁ§§@ﬁu%gpggg?§£thernalIy anneal i ng the
structure further conprises heating at a tenperature between about 800C and
‘1I's 1,000C fdrpogpingoa daersefcagrmanium zlaped sikeun dipgidgasnto2did Thenet oziges
described in claim15 wherein the step of rapid thermally annealing the
structlayer;serves, additionally, to repair ion inplant damage and to
‘activate source and drain regions,

depositing a capping layer onto said layer of germanium doped silicon dioxide;

and

rapid thermally annealing the structure Whereby germanium nanocrystals are

formed in said germanium doped silicon dioxide layer, ion implant damage is repaired,

10 and source and drain region dopants are activated.

2. The process described in claim 1 wherein said silicon body is P-type;

%3 The process described in c]éim 1 wherein the step of growing said tunnel oxide
15 layer further comprises rapid thermal oxidation in g‘dry oxygen ambient.

4. The process described in claim 3 wherein the step of rapid thermal oxidation is.

heating at between about 900 and 1,000 C for between about 5 and 60 seconds.

20 5. The process described in claim 1 wherein said tunnel oxide layer is grown to a

thickness that is between about 2 and 5 nm.



zo 26. The process described in claim24 wherein said nonreactive gas is
argon or nitrogen. 12 27. The process described in claim15 wherein said
nanocrystal s have a nean di anmeter between about 2 and 10 nm s 28. The
process described in claim15 wherein said source and drain regions are N
type. 29. The process described in claim215 wherein the step of form ng
source and drain regions further conprises diffusion through a hard nask.

| 0 30. The process described in claim15 wherein the step of form ng source
and drain regions further conprises using ion inplantation. 31. The process
described in claim15 further conprising formation of electrical contacts
to said source and drain regions and to said gate pedestal. is 13

. A S. ABp. Aglhe prpcessAdesribed@h. slding. A@bhereia@neAstepA@ depositing a layer of

germanium doped silicon dioxide further comprises using low pressure chemical vapor

deposition or plasma-enhanced chemical vapor deposition.

7. The process described in claim 1 wherein the step of depositing a layer of
germanium doped silicon dioxide further comprises feacting silane in a mixture

containing between about 5 and 30% germane and an oxygen source.

10 8. The process described in claim 7 wherein said oxygen source is ozone or nitrous
oxide.
9. The process described in claim 1 wherein the step of depositing a capping layer

onto said layer of germanium doped silicon dioxide further comprises using low

15 pressure chemical vapor deposition or plasma-enhanced chemical vapor deposition.

10.  The process described in claim 1 wherein said capping layer is silicon oxide or

silicon nitride.

20 11. The process described in claim 1 wherein said capping layer is deposited to a

thickness between about 10 and 50 nm.
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13.  The process described in claim 12 wherein said non reactive gas is argon or

nitrogen.

14.  The process described in claim 1 wherein said nanocrystals have a mean

10. diameter between about 2 and 10 nm.

15. A process to manufacture a non-volatile MOS based memory device comprising:
providing a silicon body. having an upper surface;
growing a tunnel oxide layer on said upper surface;

15 ' de'positing a layer of germanium doped silicon dioxide onto said tunnel oxide

layer;
depositing a capping layer onto said layer of germanium doped silicon dioxide;

patterning said tunnel oxide, germanium doped silicon dioxide, and capping

layers to form a gate pedestal;

10
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rapid thermally annealing the device whereby germanium nanocrystals are

5 formed in said germanium doped silicon dioxide layer, thereby forming said non-volatile

memory device.
16.  The process described in claim 15 wherein said silicon body is P-type;

10 17.  The process described in claim 15 wherein the step of growing said tunnel oxide

layer further comprises rapid thermal oxidation in a dry oxygen ambient.

18.  The process described in claim 17 wherein the step of rapid thermal oxidation is

heating at between about 900 and 1,000 C for between about 5 and 60 seconds. |
15

19.  The process described in claim 15 wherein said tunnel oxide layer is grown fo a

thickness that is between about _2 and 5 nm.

20. The process described in claim 15 wherein the step of depositing a layer of
20 germanium doped silicon dioxide further comprises using low pressure chemical vapor

deposition or plasma-enhanced chemical vapor deposition.

11
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germanium doped silicon dioxide further comprises reacting silane in a mixture

containing between about 5 and 30% germane and an oxygen source.

22. The process described in claim 21 wherein said oxygen source is ozone or

nitrous oxide.

23.  The process described in claim 15 wherein the step of depositing a capping layer
10 onto said layer of germanium doped silicon dioxide further comprises using low

pressure chemical vapor deposition or plasma-enhanced chemical vapor deposition.

24.  The process described in claim 15 wherein the step of rapid thermally annealing
the structure further comprises heating at a temperature between about 800°C and

15 1,000°C for up to 300 seconds in a non reactive gas.

25. The process described in claim 15 wherein the step of rapid thermally annealing
the structure serves, additionally, to repair ion impla_nt damage and to activate source

and drain regions.
20

26. The process described in claim 24 wherein said nonreactive gas is argon or

nitrogen.

12
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5 28. The process described in claim 15 wherein said source and drain regions are N-

type.

29. The process described in claim 15 wherein the step of forming source and drain

regions further comprises diffusion through a hard mask.

10 30. The process described in claim 15 wherein the step of forming source and dréin

regions further comprises using ion implantation.

31. The process described in claim 15 further comprising formation of electrical

contacts to said source and drain regions and to said gate pedestal.
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