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FORMATION OF INTERFACIAL OXIDE LAYER AT THE Si3Nd/Si

INTERFACE BY H2/02 ANNEALING

BACKGROUND OF THE INVENTION

(1) FIELD OF THE INVENTION

The present invention relates generally to semiconductor integrated circuit
p'occesmﬂ ‘ind more partt cu{arlv to gate dielectric iayefs of MOSFET devic'es.

(2) DESCRIPTION OF PRIOR ART

The gate dielectric s perhaps the most sensitive compozent of modern CMOS
devices. Requirements of appropriate dielectric tavers include high dielectric treakdown
strength, low leakage current, good diffusion barrier properties, low trapping densities
and low interfacial states, As devicc dimensions decrease the requirements become more
stringent and new gate dielectric structures are needed to meet the more stringent
requirements. Silicon dioxide has besﬁ the most the most popular gate dielectric for many
years. However, with the recent requirement for gate dielectric thickness of 15
Angstroms or less, excessive direct tunneling current limits the use of silicon dioxide as
the gate dielectric, Silicon nitride is also a commonly used gate dielectric material, which,
having a dielectric constant of ~ 7.5 as compared to ~ 3.9 for silicon dioxide, is used to
reduce the tunneling current.

Severa{ layers are often used to achieve the various requirements, with different

layers eSpecm’I‘, quxtcd for a particular requzrcmem For instance, , Si3N4 is an

excepnonany good diffusion barrier material and an H2/02 oxide layex, known as m-sxtu

steam generation (1SSG) oxide, provides superior interfacial propertes. Thus the
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combination ol an 1SSG oxide layer over sili-coh followed by 2 SiIN4 layer mests the
requirements ot moderﬁ gare dielectrics.

Tn .S, Pal No. 4,849,366 to Hsu et al. a three-layer gaie dielectric is disclosed
¢emprised of uxide, silicon rlxitric‘s,e and silicon oxynitride_ tayers, which provided a

radiation hardened CMOS isolation structure. Chau in U.S. Pat. No. 5,763,922 teaches

the preference of having different dielectric lavers for the gates of PMOS and NMOS

v

devices, wh‘.:a:u ltﬁ;;articulz.\.r Iz{yer is chosen to optimize performance and reliabilitysHe
shows, for instance, that nitrogen rich silicon dioxide is preferred as the gate dietectric of
NMOS transistors, while for PMOS transistors it is preferred that the silicon dioxide gate
dielectric laver is less nitrogen rich. Chau also points out that a drey/wet oxidation process
forms a robust yate dielectric layer. He also discusses the use of several layers, such as an
oxide layer and a nitride layer, as the gate dielectric. Bacch;zta etal., US. PaL No.
5,755.821 shows a three-layer dielectric film with improved 2 esion. A ti}in silicon
dioxide second layer interposed between a dielectric first layer and third layer serves as
an adhesion layer between the first and third layer. In patticular, the first and third iayer
could be silicon nitride or silicon oxynitride, U.S. Pat. No. 5,861,347 to Maiti et al.
teaches a runnel oxide process where the oxide is exposed to an N2 anneal leading 10
improved interface properties. A low temperature wet oxidation process utilizing HCL,

H2 and O2 is used to grow a high voltage gate dielectric. Yamazaki et al,, U.S. Pat. No.

5,917,225 show  gate dielectric composed of an oxide layer and an added silicon nitride

layer to serve as u diffusion barricr and to improve the breakdown characteristics.

A conventional process flow to fabricate a two layer gate dielectric for modem

submicron CMOS technology is shown in Figs. l1a and 1b. The process flow involves
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- nitride

three steps. First & thin SiOZ layer, 12, is grown over the silicon, 10,in2 NO gaseous
amibient, as showa in Fig, 1a. A grown SiO2 layer is chosen to achieve 2 fow interfacial
rap deasicy. This fayer could be about 7 angsirems thick and requires & werpely precise

srocess conteol. In practice the wafer w0 wafer reproducibility is poor so this process is
essentially not manufacturable. A preferred alternative, an ISSG cxide layer that results
in superior interfacial properties at the silicon interface, grows even faster and the process
16 grow an ultra-thin oxide layer (< 10 Angstroms} is unconrrollable. . CVD silicon
sitride layer, 14, is then deposited on the silicon dioiide layer as indicated in Fig.1b. A
Si3N# layer is chosen because it is a superior barriet 1o contarninants. Finally, NH3 and

subssquent N2( annealing is pcrformed.
- SUMMARY OF THE INVENTION

It1s a primary obje‘ctive of the invention 10 provide a readily controlled and
manufacturable process for fabricating a two-layer gate dielectric comprised of a grown
1SSG silicon dioxide layer and a CVD silicon nitride layer. Such a gate dielectric has the
advantages of superior interfacial properties and of being an excellent basrier to
contarninants: The process of the invention also results in a significant improvement in
the uriiforrﬁiff of the thickness of the gate dielectric,

[n comtrast to the conventional process, in the process of the invention the silicon

e layer {s deposited directly on the silicon substrate after RCA clean. The wafer is

then annealed in a H2/02 gas mixture. Though silicon nitride has good barrier properties

and strongly resists oxidation, nevertheless an oxide layer is developed in this annealing

_
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step. The grawth rate depends strongly aa the thickness of the nitride layer so that a
sufficiently thin silicon nitride layer is required to achieve a silicon dioxide layerina
reasonable time. This dependence of silicon dioxide growth rate on silicon nitride layer

~

thickness gives rise t0 an improvement in the uniformity of gate dielectric thickness over
that achicved by conveﬁzi.onal processing. This is because a thicker silicon dioxide layer
is grown under thinner silicon aitride, which tends to diminish the difference.

Conrtol of the grown éilicon dioxide layer is greatly improved because the grQWih
rate is slowed down by the need of the oxygen and hydrogen to diffuse through the
silicon niwride layer. Small differences in oxidation time are not critical, since they only

‘G

result in small differences in silicon dioxide thickness, aﬁc thus improved process
reproducibility is achieved. The process of the invention renders the ISSG silicon
dioxide-silicon nitride gate dielectric a manufacturable structure.

Other embodiments of the invention enable it to be applied to silicon nitride
layers tog thick 10 permit forming an appropriate silicon dioxide layér beneath it. The
silicon nitride layer is deposited in two. steps. Fizst a silicon nitride layer is deposited to a
thickness appropriate to the growth of the silicon dioxide layer beneath it. Subsequently

the thickness is increased by 4 second silicon nitride deposition to the desired total silicon

nitride layer thickness.

BRIEF DESCRIPTION OF THE DRAWINGS

A e bt = o v . - = g conr o

Inthe a:.companymsz dmwmg forrmng s material part of this descriptio

n there is

shown: o7
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surf‘aces a

Figs. ia and b show a conventional proeess,
Figs. 2a and 2b show a process according to Lhe iavention.
Fig. 3 axplains the iraprovement of gate dielectric thickness uniformity.

Fig. 4 shows the improvement of gate dielectric thickness uniformity

' DESCRIPTION OF THE PREFERRED EMBODIMENTS
Figs. 2a and 2b llustrate the process according to preferred embodimests of the
invention. After RCA cleaning of :he silicon surface, to etiminate particles and
contamination, 3 CVD silicon nitride layer, 14 in Fig. 1a, is deposited directly on the
silicon surface. An annealing step follows in an H2/02 gas mixture. A silicon oxide
layer, 12. devdms under the silicen nitride, as shown in Fig. 2b. The growth rate of the
silicon djoxide layer is a strong function of the silicon nitride thickness because the
oxygen and hydrogen must diffuse through the silicon nitride { tayer be"orc reactmg with

the silicon. Thus for thick silicon nitride layers the oxygen and hydrogen penetration is

too iow and a silicon dioxide layer does pot develop. However, for a sufficiently thin
silicon aitride layer, and this depends an other growth conditions, notably the

temperature. a silicon dioxide layer does develop within a reasonable time. Major

-

advantages of the invention stem from this affect,

RCA cleaning procedures, to sliminate particles and contaminants from

[r——

e b mn e
— - e e em -.

re 'Wcll known to those skilled in the art, A clean surface is necessary to insure

———
——

the i mteg,ntv of the gate dielectric {hat is being formed Preferabl L aitide T

a CVD snhcon mtnde
layer is deposited usmg LPCVD or RTCVD techniques. The thickness of the silicon
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nitride layer could be between about 8 to about ¢ 25 Angsiroms. At sech :hickness the

' ‘ silicon nitride a jer | reali he termperatures
advantages of silicon nizide as a barrier iayer ¥¢ realized at the temperaiul
encouatered during device operation, yet the layer-is thin enougn to grow an appropriate

‘ L ndertying
oxide layer at oxidation mr'pevamres The B2/O?2 anneal, during which the unaetly

228

C.
silicon dipxide layer is grown. can be performed at teraperatuwes 5o ut 700 to 1000
degrees Ccisius. pressures from about 1 to 100 Torr, H2/07 ratios from alout 1:300 to

1:20 and dumuon “From about 5 to 60 seconds. This H2/02 oxidation process, also |

Yo

referred © as 1SSQ, s knov}n by those practiced in the art to grow oxides on silicon

having superios xmertacxal propemes, which derive from simultaneous reduction and c¢-

oxidation processes. Only a very thin silicon dioxide layer, §-8 Angstroms. is required
ince'its main purpose is to achieve a low interfacial trap defxsny at the silicon interface.

The rwo-layer dielcctric thus achieve'd has the advantages of beirtg an excellent diffusion

barrier and also possessing suoefxor interface propemes

-

Thin iSSG laye:s grown directly on sxhcon have such a very fast growth rate

that the process to grow an oxide layer of less than about 10 Angstroms is upcontrollable.

" Control of the 1SSG silicon dioxide layer grown under the silicon nitride layer is greatly

improved hecause the growth rate is slowed down by the need of the oxygen and

hydrogcn_zf;_.di [Tuse through the silicon nifridc layer. Small differences in oxidation time
ware not criti;al. since th;:y only reslet in ;ﬁali differences in siiiéén‘“dioxi;ié thickness,
and thus improved process reproducibility is achieved. The process of the invention

renders the [SSG silicon dxoxxde~sﬂxcon nitride gate dielectric a manufacturable structure.

" Another advantage of the process of the invention is an 1mprove'nent wthe

uniformity of the gate dielectric. This caf be expiained with the aid of Fig. 3. A silicoa~

O ot Tl
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nitride layer 14 had been deposited that is not uniform in thickness, as is depicted on the
left of Fig.3. During the H2/02 annea] the silicon dioxide layer grows faster under the
thinner silicon nitride, which tends to qualize the total, nitride pius oxide, dielectric tayer
thickness, as depicted on the right of Fig.3. The magmmde of the improvement in gate
dielectric thickness i3 shown in Fig 4 ilipsometric thickness Smeasurements are plotted

-
~

for a nominally 18 Angstrom silicon gitride fim before H2/O2 anneal, curve 16, and after

-

H2/02 anneal, curve 18, during ‘which on the average about 4 Angstroms of siticon™ ,
dioxide was grown. The standard deviation before anneal 5.68%, while after anneal the
standard deviation is reduced to i.OS‘%/o, a very significant reduction.

Thicker silicon nitride layets can be achieved through the foliowing preferred
embodiments of the invention. After RCA cleaning of the silicon surface, to eliminate
particles and contamination, a first CVD silicon nitride layer is depesited dire n the
silicon surface. This layer is suffici emlv thin so that during the H2/02 annealing step that
follows a silicon oxide layer, 12, de%l'elops under the siiicon nit_ride. The growth rate of
the silicon dioxide fayer is a strong i’imction of the silicon nitride thickness because the
oxygen and hydrogen_must diffuse t‘itrough the silicon nitride layer before reacting with
the silicon. Thus for thick silicon nitride layers the 02 and H2 penetration is too low and
a silicon dioxide layer does not dev%lop. However, for a sufficiently thin silicon nitride
layer, this depends on other growth ix:onditionﬁ, notably the te;npcraturc, a silicon dioxide
layer does develop within « reasonﬁ;ble time. A second CVD silicon nitride layer is now

deposited over the {irst silicon nitﬁ%le layer without restriction on its thickness since the

B —

1S$G silicon dioxide | layer had alreadv been formed. T T T
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) . .
RCA cleaning procedures, 10 eliminate particles and contaminants from

M d i e
surfaces are well known to those skilled in the art. A clean surface ig necessary 10 insur

i 4 r‘
the integrity of the gate dislectric that is being formed. Preferably, the first CVD silicon _
nitride layer is deposited using LPCVD or RTCVD techniques. The thickness of the first

CVD silicon nitride {ayer could be between about 8 to about 25 Angstroms. At such

chickness the silicon nitride layer is ceasonably uniform and vet the tayer is thin encugh

-

() grow-an appropftate oxide-layer. The H2/02 anneal, during which the underlying
silicon dioxide layer is grown, can be performed at temperatures from about 700 to 1000

degrees Celsius, pressures from about 1 to 100 Torr, H2/02 ratios from about 1:50C t0

1120 and duration from about 5 to 60 seconds. This 12/02 oxidation process, alse

referred to as ISSG, is known by those practiced in-the azt (0 grow oxides on silicon

having superior interfacial properties, which derive from simultaneous reduction and re- ~
ox.dat;or‘ processes. Only a very thin silicon dioxide layer, 6-8 Awgstroms. is required

sinee its main puspose is to achieve a low mtcrfacxai trap density at the silicon interface.

The second CVD silicon nitride layer is also preferably deposited using LPCVDor

RTCVD techniques. The multilayer dielectric thus achieved has the advantages of being

an ¢xcellent diffusion barrier and also possessing superior interface properties.

Thin ISSG layers (< 10 Angstroms) grown directly on silicon have such 2

-

very fast growth rate that the process is uncontrollable. Control of the ISSG silicon
dioxide luyer grown under the silicon nitride layer is greatly improved because the

growth rate is slowed down by the need of the 02 and H2 to diffuse zhfough the silicon

W — et e e

nitride layer. Small d\fferences in ox1dat10n time are not crmcal since they ooly result m

small differences in silicon dioxide thickness, and thus improved process reproducibility
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s achieved. The process of the invention renders the ISSG silicen dioxide-silicon nitride

gate dielectric 2 manufacturable structure even wien 2 thick silicon nitride layer is

required.

While the invention has been particularly shown and described with reference

to the preferred embodiments taereof, it will be understood by those skilled in the art that

from the.spirit and *

*

ious changss in-form and detail may be made without departing

va

scope of the invention.

Whar is claimed is:
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1. A method of forming an interfacial oxide layer at a semiconductor/ dielectric

~

W

interface comprising:

providing a partially processed semiconductor wafer having semiconductor

surfaces upon which gate dielectrics are 10 be disposed:

cleaning said semiconductor surfaces of contaminants and particles;

- - - . : ‘

depositing a thin dielectric layer;

annesling sam semiconductor wafer in 2 gaseous environment 10 induce the

growth of an oxide layer under said thin dielectric layer.
The method of Claim | wherein said semiconductor wafer is a silicon-wafer.

The method of Claim 1 wherein said semiconductor surface is a silicon surface.

The method of Claim 1 wherein said surface cleaning is accomplished using a

RCA cieaning process.

The method of Claim 1 wherein said deposited dielectric layer is CVD silicon

nitride,

-

The method of Claim 1 wherein said deposited dielectric layer is LPCVD or

RTCVD silicon aitride.

The method of Claim | wherein the thickness of said deoosued dlelectnc layer is

between about 8 to 25 Angstroms.

10 -
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14, The method of Claim 13 wherein said semiconductor wafer is a silicon wafer.

depositing a secon__c_l__di_el_cctr_iq_ layer.

. The metiod of Claim [ wherein the H2/O2 ratio is between about 1:500

AR

The method of Claim 1 wherein the annealing gas is a mixture of 02 and H2.

The method of Claim 1 wherein the annealing temperature is between about 700

to 1000 degrees Celsius,

- The method of Claim | wherein the annealing pressure is berween about | to 100

Torr.

to 1:20.

T

he metiod of Claim | wherein the annealing duration is between 5 to 50

seconds,

A method of forming an interfacial oxide layer at a semiconductor/ dielectric
interface comprising:

providing a partially processed semiconductor wafer having semiconductor

surfaces upon which gate dielectries are to be disposed;
cleaning said semiconductor surfaces of contaminants and particles;

depositing a thin first dielectric layer;

a

annealing said semiconductor wafer in 2 gaseous environment to induce the

growth of an oxide layer under said thin first dielectric layer;
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15. The method of Claim 13 wherein said semiconductor surfacs is a silicon surface

The method of Claim 13 wherein said surface cleaning is accomplished using a

RCA cleaning process.

-17. The method of Claim 13 wherein said deposited thin first dielec*ﬂc layer is CVD

silicon nitride.

13. The method of Claim 13 wherein said deposited thin first dielectric layer is

LPCVD or RTCVD silicon rutrlde

19. The method of Claim 13 wherein the thickness of said deposited dielectric jayer

is berween about 8 10 25 ‘Angstroms.

20. The method of Claim 13 wherein the annealing gas is a mixwre of 02 and H2.

21. The method of Claim 13 wherein the annealing temperature is between about

700 to 1000 degrees Celsius. | | -

22. The method of Claim 13 wherein the annealing pressure is between about 1 to

100 Torr.

23. The method of Claim 13 wherein the H2/02 ratio is between about 1:500 to

1:20.

24, The method of Claim 13 wherein the annealmg duratxon is between 5 to 50

seconds.
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ectric layer is CVD

25. The method of Claim 13 wherein said deposited second dief

silicon nitride.

26. The method of Claim 13 wherein said deposited second dielectric layer is

LPCVD or RTCVD silicon nitride.

\\\
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