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the'general field ofummﬂmm“mmﬂmm rcuits with particular refe
ultra-thin gate oxid ds to inprove their integrity. BAGCKEROUND
OF THE | NVENTI ON As t he {f&ggdbo2f Equi val ent Oxi de Thi ckness) of gate oxi des

continues to approach | ess than 20 Angstrons as part of inproved CMOS
technol ogy, it becones mandatory to suppress boron penetration through the

ultra-thin gat ' [ I r by i ncreasing
t he nitrogen cm@%?égqgﬁi‘ag&%%gmﬁﬁﬁgé§&asma nitridation
(DPN) is an energi !ﬂ’/ R I |’ I 6 ul tra-hi gh concentra
tions of nitrogen at the tap surface layer of an ultra-thin gate oxide. An
exanpl e of apparatus used for this is shown in FIG 1. Through application
of RF voltage to external coil 12, a nitrogen plasma is fornmed in chanber

11. Sanple 15, whose surface is to be nitrided, sits on sanple hol der 14
whi ch positions it to be just below a series of gas inlet 1 ports 13. The

key features of the proc m;% pgducti ve coupling for plasm
formati on. RF power is tfﬁ’s[?gﬁzgmto t ,gﬁ;g?rgsrra via an RF magnetic field
which in turn generates an ionizing electric field. Inductive coupling is
much nmore efficient for plasma production than el ectroded systens since
energy is _not dissipated in driving ions into a surface. Not shown in FIG
1 is the plepimgnbont reiatasttaribet genergl vieldvef dntegrmied cigitsi with geastiaaliar on
with the nitrogen inlet ports 13, are used to establish the equilibrium
pr essefezende td@itrahthirbgate oxides and methods to improve their integrity.

BACKGROUND OF THE INVENTION

As the EOT (Equivalent Oxide Thickness) of gate oxides continues to approach less
than 20 Angstroms as part of improved CMOS technology, it becomes mandatory to
suppress boron penetration through the ultra-thin gate oxide and reduce the oxide leakage
current by increasing the nitrogen concentration in the gate oxide. Decoupled-plasma
nitridation (DPN) is an emerging new technology for incorporating ultra-high concentra-
tions of nitrogen at the top surface layer of an ultra-thin gate oxide. An example of
apparatus used for this is shown in FIG. 1. Through application of RF voltage to external
coil 12, a nitrogen plasma is formed in chamber 11. Sample 15, whose surface is to be
nitrided, sits on sample holder 14 which positions it to be just below a series of gas inlet

1



Conpared to earlier renote-plasnma nitridation (RPN) technol ogy, DPN

i nproves the nitrogen uniformty and oxi de | eakage current consi derably.
However, due to its | ow process tenperature of less than 100 C, |arge
anount of defects are present in the gate oxide after DPN. and the gate
oxide integrity is significantly degraded. Hence, post-DPN annealing at
high tenperature is required to elimnate the oxide defects and inprove the
oxide integrity. Such a need is known to the prior art. However, previous

: : _ ;
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h bec dar d. d . b f, I
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during post DPN anneal i ng. W have, however, determ ned that annealing
undegengretes avintizing ﬁ@@l@&elﬁaslnéemq:mmlmds@md*g@@re efficientigr plasma
deterioration of the 2 el ectrical performance of devices (such as

capaprddidiiofltHah letstsitaiiedr Sistais Rirldecandtay &s heeadissipiited iredrividghohe inteld um
anneal i ng. The present invention discloses other post-DPN annealing nethods

for i nce.
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ref erences .of t beln US 6, 140, 1 reveal s a
" eroranpnatan Wik e fiiaah iBRbRELE oareyssé‘%g e3lahisn T ﬁ@Pﬁ’”HF&é’FéSF%e used
foll owed by an anneal in oxygen at about 800 C . In US 5,861, 329, Yeh shows
a pl #xthe phasps’s for forning a barrier layer. Gases used included nitrogen,
anmoni a, nitrogen oxide, and nitrogenl oxygen m xtures. US 6,225, 169B1
(Chew) shows a RTN process in which the nitrided |ayer is fornmed on the
si dewal k of the gate
Compared to earlier remote-plasma nitridation (RPN) technology, DPN improves

the nitrogen uniformity and oxide leakage current considerably. However, due to its low

process temperature of less than 100 °C, large amount of defects are present in the gate

oxide after DPN. and the gate oxide integrity is significantly degraded. Hence, post-DPN

annealing at high temperature is required to eliminate the oxide defects and improve the

oxide integrity.

Such a need is known to the prior art. However, previous prior art practice has
been to anneal in pure helium (at a temperature of 1,050 °C , pressure of 50 torr, with 5
sim of He flow). These conditions have become standard procedure for the prior art
because they offer several advantages, such as no additional oxide growth or nitrogen
incorporation during post-DPN annealing. We have, however, determined that annealing

under these conditions also has several disadvantages including a deterioration of the



structure while in US 6,162,717, Yeh et al. use a high density plasna
process' in which the gate dielectric becones sandw ched between two | ayers
of 'silicon nitride. SUMVARY OF THE | NVENTION It has been an object of at
| east one enbodi ment of the present invention to provide 3 a process for
formng a field effect transistor. Another object of at |east one
enbodi nent of the present invention has been that said field effect
transi stor have a gate oxide that is ultra thin, that is a barrier to boron
di ffusion, and that does not degrade the electrlcal properties of the
devi @lectrical perigrpanes obgpwees <§$U9ﬂ as £apaciprs AwbBansisiarsbvheRdnpy davat
i nvention has been that said process be easily included as part of existing
manubeearn subjecied toperedwdiunianrealiod] Bue prasentinbertioradisciosed diger postibigNa
nitrogen bearing |layer at the surface of the oxide by neans of decoupled
pl asamndBling Artheds fdrahippuiing thei gate idiede atle§iitydarid Aeoitki slBalricanpepbrd N
hel i umor nitrogen oxide, annealing is pertormed in a 1:4 oxygen nitrogen
m Xt 1,050 C at about 10 tort). This results in a gate oxide that is
resi stant’ to boron contam nation w thout suffering any | oss of any of its
el ectrical properties. BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is a
schematic view of apparatus suitable for decoupled plasma nitridation. FIG
2 is a flow chart representation of the process of the present invention. 4
FI G 3 i sAgousingwseargh of thef priviaagavassperiormagdiviih thatfolowimg réfiesences dfe
| ayers annealed in different gases

interest being found:

US 6,140,187 (DeBusk et al.) reveals a remote plasma nitridation process for a gate
oxide. A He/Ar plasma is used followed by an anneal in oxygen at about 800 °C . In US
5,861,329, Yeh shows a plasma process for forming a barrier layer. Gases used included
nitrogen, ammonia, nitrogen oxide, and nitrogen/oxygen mixtures. US 6,225,169B1 (Chew)
shows a RTN process in which the nitrided layer is formed an the sidewalls of the gate
structure while in US 6,162,717, Yeh et al. use a high density plasma process in which

the gate dielectric becomes sandwiched between two layers of silicon nitride.

SUMMARY OF THE INVENTION

It has been an object of at least one embodiment of the present invention to provide



DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS W wi | | di scl ose the present
i nvention by describing a process for the manufacture of a field effect

transistor. It will, however, be understood that the process is nore
general than this and could be applied to other areas of sem conductor
technol ogy as well. The process begins with the provision of a silicon

wafer and form ng thereon a |layer of silicon oxide (typically between about
8 and 30 Angstrons thick). Then, by neans of decoupled plasma nitridation
using equipnent simlar to that illustrated in FIG 1, a nitrogen bearing

| ay et p;cgeﬁgrfweft@r@tng@ GU{)%@C@W%@,- ext endi ng downwar ds therefrom a

di stance of between about 2 and 10 Angstrons. This nitrogen bearing | ayer
could be silicon nitride or silicon oxynitride but, regardl ess of its exact
chem cal conposition, it will contain at |east 3 atom c percent nitrogen..

Now f ol | ommothek Blgietest atrleast oridembadenéntast thl @reésenttifventior hagbaeherati Ng
| ayer is annealed in a m xture of nitrogen and oxygen (having between about

1, iy s e gy iRt s el o s v

bet ressure between about and 16

torr, . for betwee bout .60 an 50 mnputes. As.a result af this special
anne@fff’s'@Hd@Pgﬁﬁ% c&ﬂ?d?qticger%ag%éﬁ F{Bgﬁjcq?ﬁéo%eﬁlgs BEﬁZfed?\él%'r, i ncl udi ng t he
nitrogen rich layer, beconmes substantially free of structural defects. An

i ndi cation of this inprovenent can be seen by noting that, prior to the
anneal ing step, the nitrogen bearing layer typically would have a

si gni fi ca8till apothentobfddt of abfeast bnetamizddichehe of thenbriesknt miveatioahasdaang,

will be reduced substantially. Formation of the field effect transistor is

t heny e RIEh@Eess bB B oSl NHNIdh PEE PEFSINNRGUARRGIREARAY] bidedsded ayer of
polysilicon on the | ayer of silicon oxide and then patterning and etching

the former so as to forma gate pedestal {typically having a wi dth between

These objects have been achieved by forming a nitrogen bearing layer at the
surface of the oxide by means of decoupled plasma nitridation. Following this, instead of
a conventional anneal in helium or nitrogen oxide, annealing is performed in a 1:4 oxygen-
nitrogen mixture (1,050 °C at about 10 torr). This results in a gate oxide that is resistant

to boron contamination without suffering any loss of any of its electrical properties.
BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1is a schematic view of apparatus suitable for decoupled plasma nitridation.

FIG. 2 is a flow chart representation of the process of the present invention.



about 0.05 and 0.25 mcrons) on a |ayer of gate oxide. Once this has been
conpl et'ed, the gate pedestal is used as a mask during the formation of the
source and drain regions (of a conductivity type that is the opposite of
that of the silicon wafer) that are self-aligned so that they i mediately
abut the gate oxide. The above descri bed process has been illustrated and
summari zed in the flow chart that is shown in FIG 2. Using the process
descri bed above (in particular the conditions that are specified for the
post nitridation apneal), a field effect trapsistor is fornmed whose

Bl ect i carithet o aMEBullIgt bl EhErgs, ven reditvisatia &t tieBqouHadRvers
identical conditions, the only difference being the absence of a nitrogen
bearamnpedled év diffieagntvgaseisor mred by decoupl ed plasma nitridation. Thus the
process of the present invention continues to provide a gate 6 oxi de

| ayer that suppresses boron penetration and reduces the oxi de | eakage but
w thout the deterioration in electrical performnce associated with prior
art processes. Confirmation of the effectiveness of the process of the
present invention is showmn in FIG 3 where we display Wibull plots of

charge-to-bre | ' [ r cm) for annealing a
20 A thi ck ox?ﬁgg%éﬂ)ﬁ éh&éﬁ&ﬁﬁ%@%%@%ﬂﬁﬁ%ﬁju plot is
-In(1-F), where Fis the cunulative failure probability, ranging fromoO to
1. Curve 31 is for a heliumanneal, curve 32 is for a nitrogen oxide
anneal , and curve 33 is for nitrogenl oxygen anneal (present invention).

These r eswWé wilcdistloserttidpresantrimadntion bynddébrBhgb prooeds fbr @3 nfanufisctlimught
by the present invention, results in a gate oxide having the highest
di el 8£4 Fibfy SAEEMSSor. /it will, however, be understood that the process is more general

than this and could be applied to other areas of semiconductor technology as well.

The process begins with the provision of a silicon wafer and forming thereon a
layer of silicon oxide (typically between about 8 and 30 Angstroms thick). Then, by means
of decoupled plasma nitridation using equipment similar to that illustrated in FIG. 1, a
nitrogen bearing layer is formed at its upper surface, extending downwards therefrom a
distance of between about 2 and 10 Angstroms. This nitrogen bearing layer could be
silicon nitride or silicon oxynitride but, regardless of its exact chemical composition, it will

contain at least 3 atomic percent nitrogen..

Now follows a key feature of the invention wherein this nitrogen bearing layer is
annealed in a mixture of nitrogen and oxygen (having between about 10 and 30 volume

percent oxygen with 20% being preferred), at a temperature between about 1,000 and



CLAIM5 1. A process for inproving the integrity of a |layer of silicon oxide
havi ng. an upper surface, conprising: on a substrate, providing said |ayer
of -silicon oxide; by neans of decoupled plasma nitridation, formng a
nitrogen bearing | ayer that extends downwards a di stance from sai d upper
surface; and then annealing said nitrogen bearing layer in a mxture of
nitrogen and oxygen, at a tenperature between about 1,00D and 1,100 C and
a pressure between about 5 and 15 tort, far between about 60 and 150

m nut said njt en_bear| bec s _subst ant.i.al | ee of
str f@@a\ﬂn gép@ssgr %’b@k@%@ %@ggr‘@é@(ﬁr ﬁyrg]”ei %ﬁ’é‘?bpr?'?‘%égét ep of
decoupfed plasma nitridation further co I ses using bet ween about and 250
and rabotegatAssa FsUlf fuaspeael anpralsynder nfgne cprglitionsospedifind, the gatenosde

seconds. 3. The process described in claim1 wherein said nitrogen bearing

| aydayes iscldivigetielniboyémeichnayar, beosines isubstantially freerofrstiucteial deféesd.| | con
oxynitride. 4. The process described in claim1l wherein said nitrogen

bearAfhdicYigh o‘F HY Fhitveinereagh b% %é?{%uf nBfAG Yt HHide 8&6% n%eaﬁﬂ& gPé&,CGSS

descri ed |n claim 1 wherein sai e of nittogen an

cont |ns abqut 10 an Iurre ereen 6, Th roce

oo PrRORH! BRI e bR i o naR £ Sl ard SR P AF SBURERE®) ayer
extends dovvnvvards fromsaid upper surface is between about 2 and 10
Angsd6iBats. Wh'ChTﬁféerpa@?%@gdé@Egﬁlﬁ@@J%ﬁ sykstantialyher ei n sai d | ayer of
silicon oxide has a thickness between about 8 and 30 Angstrons.

Formation of the field effect transistor is then completed using standard processes
including depositing a layer of polysilicon on the layer of silicon oxide and then patterning
and etching the former so as to form a gate pedestal (typically having a width between
about 0.05 and 0.25 microns) on a layer of gate oxide. Once this has been completed, the
gate pedestal is used as a mask during the formation of the source and drain regions (of
a conductivity type that is the opposite of that of the silicon wafer) that are self-aligned so
that they immediately abut the gate oxide. The above described process has been

illustrated and summarized in the flow chart that is shown in FIG. 2.

Using the process described above (in particular the conditions that are specified
for the post nitridation anneal), a field effect transistor is formed whose electrical
performance is similar to that of a device formed under identical conditions, the only
difference being the absence of a nitrogen bearing layer that was formed by decoupled

plasma nitridation. Thus the process of the present invention continues to provide a gate



8. A process for formng a field effect transistor, conprising: providing a
siliconm wafer, of a first conductivity type, and formng thereon a | ayer of
siticon oxide having an upper surface; by means of decoupl ed plasm
nitridation, formng a nitrogen bearing | ayer that extends downwards a

di stance from said upper surface; then annealing said nitrogen bearing

| ayer in a mxture of nitrogen and oxygen, at a tenperature between about
1,000 and 1,100 C and a pressure between about 5 and 15 tort, for between
about 60 and 150 m nutes, whereby said nitrogen bearlnq Iayer becones
subs®Xae iaver $hat suppresses beronnesetiatioa ang: reééﬁ@% the Ayde leakage bet withgwl | i con
on said layer of silicon oxide; patterning and etching said | ayer of

pol ytHd detenosatidnsiaidedteysirparforaidncecssosiated withfprionamt paicespeslest al on a

| ayer of gate oxide; and using said gate pedestal as a nmask, form ng source
and drain regions of a second 9 conductivity type that i medi ately abut
sai d gate oxide, thereby forning said field effect transistor and wher eby
said fiel f t t&gﬁ a ﬁlectrlcalt ertornmance g as a
devi ce t hGPATETOR G S e ea Yer}e@;po& S Prosess qf the rerap favantorHln Srobay
except for the absence of sai d nltrogen bearing foyer. 9 The process
descHl 548. 5 wheienve disriayi Weitill pipls ofpeharee-p-taakdown dekiondr wils about
0.05 and 0.25 microns. 10. The process described in claim8 wherein the

st epcotilotetco ppl ed. ghiforanmicatindat 204 thiokt dréde daygprin sereewdifferpriv gasesn Aabout
and 250 and 350 watts of RF power at a pressure of 1-3 x 10-2 torr for

10- 3Q0eipal piadl & -1A-F)T Rehdre FCRIPe deRfl AtARHI0re bribanfityhenginy §8mdo i § 1 ogen

bearing layer is selected
Curve 31 is for a helium anneal, curve 32 is for a nitrogen oxide anneal, and curve 33 is

for nitrogen/oxygen anneal (present invention). These results confirm that annealing in
N,/O, at about 1,050 °C, as taught by the present invention, results in a gate oxide having

the highest dielectric endurance.



fromthe group consisting of silicon nitride and silicon oxynitride. 12.
The process described in claim8 wherein said nitrogen bearing |ayer
contains at |east 3 atomi c percent nitrogen. 13. The process described in
claim8 wherein said m xture of nitrogen and oxygen contai ns between about
10 and 30 vol une percent oxygen. 10 14. The process described in claim3$8
wher eLn @@ d distance that said nitrogen bearing | ayer extends downwards
fromsai'd upper surface i's between about 2 and 10 Angst roms 15. The
process descri bed ai m 8. wher ei oxi de has a
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becomes substantially free of structural defects.

2. The process described in claim 1 wherein the step of decoupled plasma nitridation
further comprises using between about and 250 and 350 watts of RF power at a pressure

of 1-3 x 102 torr for 10-300 seconds.

3. The process described in claim 1 wherein said nitrogen bearing layer is selected

from the group consisting of silicon nitride and silicon oxynitride.

4, The process described in claim 1 wherein said nitrogen bearing layer contains at

least 3 atomic percent nitrogen.

5. The process described in claim 1 wherein said mixture of nitrogen and oxygen
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6. The process described in claim 1 wherein said distance that said nitrogen bearing

layer extends downwards from said upper surface is between about 2 and 10 Angstroms.

7. The process described in claim 1 wherein said layer of silicon oxide has a thickness

between about 8 and 30 Angstroms.

8. A process for forming a field effect transistor, comprising:

providing a silicon wafer, of a first conductivity type, and forming thereon a layer
of silicon oxide having an upper surface;

by means of decoupled plasma nitridation, forming a nitrogen bearing layer that
extends downwards a distance from said upper surface;

then annealing said nitrogen bearing layer in a mixture of nitrogen and oxygen, at
a temperature between about 1,000 and 1,100 °C and a pressure between about 5 and
15 torr, for between about 60 and 150 minutes, whereby said nitrogen bearing layer
becomes substantially free of structural defects;

depositing a layer of polysilicon on said layer of silicon oxide;

patterning and etching said layer of polysilicon and said layer of silicon oxide to

form a gate pedestal on a layer of gate oxide; and

using said gate pedestal as a mask, forming source and drain regions of a second
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9 The process described in claim 8 wherein said gate pedestal has a width between

about 0.05 and 0.25 microns.

10.  The process described in claim 8 wherein the step of decoupled plasma nitridation
further comprises using between about and 250 and 350 watts of RF power at a pressure

of 1-3 x 102 torr for 10-300 seconds.

11.  The process described in claim 8 wherein said nitrogen bearing layer is selected

from the group cansisting of silicon nitride and silicon oxynitride.

12.  The process described in claim 8 wherein said nitrogen bearing layer contains at

least 3 atomic percent nitrogen.

13.  The process described in claim 8 wherein said mixture of nitrogen and oxygen

contains between about 10 and 30 volume percent oxygen.
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between about 8 and 30 Angstroms.
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