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FORMATION OF INTER.FACIAL OXIDE LAYER AT THE Si3N4/Si 

INTERFACE BY H2j02 ANNEALING 

BACKGROUND OF Tm: INVENTION 

(t) FIELD OF THE tNVENTION 
. . 

The present invention reiates generally to semiconductor integrated circuit 

. p;~ce~sing ·and more particuiarly to gate dielectric iay~rs of MOSFET devices . 

(2) DESCR1PT10N OF PRIOR ART 

l11e gate dielectric is perhaps the most sensitive -component of modem CMOS 

devices. Requirements of appropriate dielectric !ayers include high dieiectric brea.kdovrn 

strength, low leakage current. good diffusion baci.er properties, iow trapping densities 

and low interfaciai states. As device dimensions decrease the requirements become more 

stringent and new gate dielectric structures are needed to meet the more stringent 

requirements. Silicon dioxide has been the most the most popular.gate dielectric for many 

years. However. w\th the recent requirement for gate dielectric thickness of l 5 

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. 

Several lay(!rs are often used to achieve the various requirements, with different 

layers especially suited for a particular requirement. For instance, Si3N4 is an __ ......,... ______ ... _______ ··-- --~·--· .. - .... . - - - ·- -:"'-'"" ------ -----·-·-- ----

exceptionally good diffusion barrier material and an H2/02 oxide layert known as in-situ . 
- -

steam generatiQn (lSSG) oxide, provides superior interfacial proper'"des. Tnus the 
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combination of an lSSG oxide layer over silicon followed by a SiJN4 layer meets the 

requirements of modem gate dielectrics. 

In U.S. Pat. No. 4,849,366 to Hsu et-aL a three-layer gate dielectric is disdosed 

comprised of oxide, silicon nitride a11d silicon oxynitrid~ layers, which provi.ded a 

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

th~ preforenc~ \lfhaving different dieiectric"layers for the gates of PMOS and NMOS 

devices, wh~::c th-.: particul~r l~yer is chosen to optimize performance and reliabiifty .'He 

shows, for insrnnc::, ch.at nitrogen rich silicon dioxide is preferred as the gate dielectric of 

NMOS tr:msistors,.whiie for PMOS transistors it is preferred that the silicon dioxide gate 

dieiectric layer is less nitrogen rich. Chau also points out that a dry/wet oxidation process 

forms a robust gate dielectric layer. He also discusses the use of several layers, such as an 

oxide layer :ind a nitride layer, as the gate dielectric. Bacchetta et al., U.S. Pat. No."· · 

5, 795,82 l shows a rhree-layer dielectric film with improved adhesion. A thin silicon 

dioxide second !ayer interposed between a dielectric first layer and third layer senes as 

an adhesion !ayer between the first and third layer. In particular, the first and third layer 

could be silil.:1.111 nitride or silicon oxynitride. U.S. Pat. No. S,861,347 to Maiti et al. 

teaches a cunnel ~1x.ide process where the oxide is exposed to an N2 anneal leading to 

improved interface properties. A low temperature wet oxidation process utilizing HCL, 

H2 and 02 is used to grow a high voltage gate dielectric. Yamazaki et al., U.S. Pat. No. 

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

.. ___________________ layer co ser\·c as a diffusion barrier and to improve the breakdown characteristfos. 
-- . -- - -------- ··-·····----- ---- --·- -- ... - -.. ... -·- - - -- .. ------------------------ .. ----- - - -- -

A c~1w~ntional process flow to fabri~ate a two layer gate dielectric for modem 

submicron CMOS technology is shown in Figs. la and lb. The process flow involves 
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-three step~. First a thin Si02 laye~, l2, is grov.n over t.'J.e silicon, 10, in a NO gaseous 

atn.bient. as shown in. Fig. la. A gro\lltl Si02 layer is chosen to achieve a tow interfacial 

\ran dens\cv. This !aver could be about 7 angstroms thick and requires extremely predse 
?" . .. ~ 

orocess control. ln oractice the wafer to wafer reproducibility is poor so this process is . . 
essentially not mnnufacturable. A. preferred alternative, an lSSG oxide layer that results 

in suoerior interfacial properties at the silicon interface, grows even faster and the process 

to g;ow.an utfra~t'fifa o::<lde layer(< 10 Angstroms) is uncontrollable: A CVD.silicon. -

nitride layer, t 4, is then deposited on the silicon dioXide·layer as indicated in Fig.lb. A 

Si3N4 layer is chosen because h is a superior barrier to contaroina.11ts. Finally, NH3 and 

subsequem ~20 annealing is pt:rformed. 

· SUM1\1£ARY OF THE Ir•fVEl'rfION 

It is a primary objective of the invention to provide a readily controlled and 

manufacturable process for fabricating a two-layer gate dieiecti.-ic comprised of a grown 

!SSG silicon dioxide layer ~d a CVD silicon nitride layer. Such a gate dielectric has the 

advantages of superior interfacial properties and of being an excellent barrier to 

contaminants; The process of the invention also results in a significant improvement in 

the uniformity of the thickness of the gate dielectric. 

[n contrast to the conventional process, in the process of the invention the siiicon 

nitride layer is deposited directly on the silicon substrate after RCA clean. The wafer is 

. then annealed in a H2/02-gas.;;ixture. Though siiicon nitride has good barrier properties--·--··· -·--

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

. --------------
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step. The growth rate depends strongly on the thickness of the nitride layer so thar a 

sufficiently thin ·sd !con nitride iayer is required to achieve a smcon dioxide layer in ~ 

reasonable time. This tiependence of_silicon dioxide growth rate on silicon nitride layer 

thickness giv1:s rise to an improvement in the uniformity of gate dielectric rhickness over 

thar achieved by convemiona1 processing. This is because a thicker silicon dioxide layer 

-·. is grown ;.mJ~r thinner silicon nitride, which tends to diminish the difference. 

Contro!ofthe grown silicon dioxide layer is greatiy improved because the grgwih 

rate is slow(.;<l <lown by the need of the oxygen and hydrogen to diffuse through the 

silicon nitride iayer. Small differences in oxidation time are not critical, since they only 

result in sm~1ll differences in silicon dioxide thickness, and thus improved process 

reproducibility is adueved. The process of the invention renders the lSSG silicon 

dioxide-silic~m nitride gate dielectric a manufacturabie structure. 

Oth<:r ~mbodiments of the invention enable it to be applied to silicon nitride 

layers to.Q thick to permit fanning an appropriate silicon dioxide layer beneath it. The 

silicon nitrid-: lo.yer is deposited in two steps. First a silicon nitride layer is deposited to a 

thickness appropriate to the growth of the silicon dioxide layer beneath it. Subsequently 

the thicknc:s:; is increased by a second silicon nitride deposition to the desired total silicon 

nitride layer thickness. 

URIEF DESCRIPTION OF THE DR.A WINGS 

... -.. -·--·~·-:--------- --p- --------- -
In the accompanying drawing fotnling a material part of this descriptio~:there Ts--·-··--- -- -- -

shown: 
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- F\gs. i a and lb show a conventicnai proeess. 

Figs. 1.a and 2b £how a process according to the invention. 

Fig. 3 explc'.lins the improvement of gate dielectric thick.."lesS uniformity. 

Flg. 4 shows l.h~ improvement of gate dielectric thickr.:ss uniformity 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
·- ........ . 

figs. 1a and 2b illustrate the process according to preferred embodiments of the 

invention. Ar~er RCA cieaning of the silicon surface, to eliminate particles and 

contaminatiun, ;i CVD silicon nitride layer, 14 in Fig. la, is deposited directly on the 

silicon surface. An annealing step follows in an H2J02 gas mixt..ire. A silicon oxide 

layer, 12 .. develops under the silicon nitride, as shown in Fig. 2b. The gro'Nth rate of the 

silicon dioxide layer is a strong function of the silicon nitride thick.1ess because the . . 

oxygen and hydrogen must diffuse through the silicon nitride layer before reacting with 

the silko11. Thus for thick ::;ilicon nitride layers the oxygen and hydrogen penetration is 

too \ow and u siiicon dioxide layer does not develop. However, for a sufficiently thin 

silicon nitride layer, and this depends on 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 eliminate particles and contaminants from 

surfaces are well knoVtn to those skilled in the art. A clean surface is necessary to insure 
... . - -...... - ·-- - -- -- .. --- ··- .. -- ---- ···---· • . .:.. .. ·:.:.~: :.:- . ..:·:;::..:-:::......:._-_:·_ ..:··_:._.....:.. :..:.._. the integrity nf the gate dielectric that is being formed. Preferably, a CVD silicon nitride 

layer ts d~posiced using LPCVD or RTCVD techni<lues. The thickness of the si1icon-
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nitride \ayer could he between aq9ut 8 to abou~ 25 Angs•roms. At s\lch thickness che 

advar,tages 0 t' sili1;on nitrLde as a barrier layer are realized at the temperatures 

encoun.tcri::d dtiri,ng device operation. yet t.."te layer-is thin enough to grow an appropriate 

oxide layer _~tt oxidation temperat~es. ~he H2/02 an.neai, ciurir.lg which the un.derl_ying 
-

silicon di1..Jxidt:: lu;:er is grown, can be performed at temperarures from abo~t 700 to l 000 

deQ.rees Cdsili:>. i1ressures from about l to l 00 Torr, H2/02 ratios from .about l :500 to· 
- . 

l :20 and d~~~ic.~~"t·rom about 5 to 60 seconds. This H2!02 oxidation process.. also '•· •· 

referred to as lS~G. is knoWn by those practiced in the art to grow oxides an silicon 

having superior i~terfacial properties, which derive from simultaneous reduction and re-

oxidation proc:!sses. Only a very thin silicon dioxide layer, 6-8 Angstroms. \s required 

since· its main purpose is to achieve a tow interfacia1 trap density at the silicon interface. 

The Noto·layt:r dielectric thus achievea has the advantages of being an excelle..-it diffusion 

barrier o.nd abo possessing superior illterface properties. 

Thin !SSG layers.grown directly on silicon have such a very fast growth·rate 

thal the prnc~ss to grow an ~ide layer of less than about 10 Angstroms is uncontro\lable. 

Control of the lSSG silicon diox~de layer grown· under the silicon nitride. layer is greatly 

improved hec!l.use the growth rate is slowed down by the need of the oxygen and 

hydrogi;n to dim.1se through the silicon nitride layer. Small differences in oxidation time 
-·. 

are not criLic:i.J. since they only res~it i~ ~~all diff~ences in sili~~n.dioxide thickness·, 

and thus improved process reproducibility is achieved. The process of the invention 
. I 

renders the _lSSG silicon dioxide-silicon nitride gate diel~ctric a manufacturable structure . 

... ·: .. ·-~ 

. . ~ ..... 

. ·- .,. - ... - · c .•.. ·-' .-.A~~1the~--advanw.ge-or"the process oftheliiverition1s-anfrnpr6vemenrtrnne··-=--===-:. 

unlformrty ~1f thl:! gate dielectric. This can be e:xpia:ined with the aid of Fig. 3. A silicon-
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nitride !aver 14 had been deoosired that is not uniform in thickness. as is deoicted on the 
~ ,.. .. .. ~ "' ... 

left of Fig.3. During the H2/02 anneal the silicon dioxide layer grows faster under the 

thinner siiicon nitride, which \ends to equalize the total, nitride plus oxide. didectric tayer 

thickness, as depicted on the right of Fig.J. The magnitude· of the improvement in gate 

d.idectric thickness is shown in Fig.4. 'F.ilipsometric thickness measurements are plotted 

for a nominaliy l 8 Angstrom silicon nitride film before }1'1/02 anneal,· curve 16~ and after 

H2/02 ~~ear: cur/e 18, during which on the average about 4 Angstroms of siHcon· , . 

dioxide 1.vas grni.,11. The standard deviation before anneal is 5.68%, while after anneal the 

standard deviation is reduced to i .05%, a vezy significant reduction. 

Thicker :silicon nitride lay~rs can 11e achieved through the foUowbg preferred 

embo<limer1ts of the invention. After RCA cleaning of the silicon surface, to eliminate 

particles and contamination, a first CVD silicon nitride layer is deposited directly on the 

silico!l surfo.,c. This layer is sufficiently thin so that during the H2/02 annealing s1ep that 

follows a silic~n oxide layer. 12, de~elops und~r the silicon nitride. The growth rate of 

the si!foun dioxide layer is a. strong function of the silicon nitride thickness because the 

oxygen and hydrogen.must diffuse through 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 develop. However, for a sufficiently thin silicon nitri<:le 

layer. this depends on other growth conditions, notably the temperature, a silicon dioxide 

layer does dc:vcl1Jp within a reasort~ble time. A second CVD silicon nitride layer is now 

deposited over the first silicon nitrl~e layer without restriction on its thickness since the 
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RC A de;ining procedu~es, to eliminate particles and contaminants from 

surfaces are we! l known to t.'lose skilled in the ar.. A clean surface is. necessary to insure 

the inte12.iitv of the (!are dielectric that is bei:ng formed. Preferabiy, the first CVD siHcon _ - ) ~ -

ni.ti\de !ayer is deposited using LPCVD or RTCVD techniques. Tne thickness of the first 

CVD silicon nitride layer cculd be between about 8 to about 25 Angstroms. At such 

thickness Lhe silicon nitride layer is reasonably uniform and yer the layer .is thin enough 

to gro~-an ~pprop~iate oxide-layer. The H2/02 anneal, during which the tt.'lderlyin.g, 

silken diox\de luyt:r is grown, can be performed :it temperatures from about 700 to 1000 

degrees Celsius, pressures from about l to l 00 Torr, H"'/02 ratios from about 1 :500 to 

l :20 <ind dunnion from about 5 to 60 seconds. This H2/02 oxidation process, aisc 

reforred to as lSSG, is known by those practiced in-the art to grow oxides on silicon 

having superior interfacial properties, which derive from sirnultaneous reduction and re~ 

oxidation proce~!icS. Only a very thin ~ilicon dioxide layer, 6-8 Angstroms. is required 

since its mo.i.n pur,pose is to achieve a low interfacial trap de~ity at the silicon interface. 

The second C'YD silicon nitride layer is also preferably deposited using LPCVD or 

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

an excellent diffusion barrier and also possessing superior interface properties. 

!hitt ISSG layers(< 10 Angstroms) grown directly on silicon have such a 

very fast growth rate that the process is uncontrollable. Control of the ISSG silicon 

dioxide ktyer grown under the sili~on nitdde layer is greatly improved because the 

growth rate is stowed down by the need of the 02 and H2 to diffuse t~ough the silicon 

sn1all diff~rences in silicon dio~ide thickness, and thus improved process reproducibility. 
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is achieved. Ti.1e process of the invention renders the ISSG siiicon dioxide-silicon nitride 

gate dielectric :l manufacturable structure even when a thick silicon nitride layer is 

required.. 

While the invention has been particularly shown and described with reference 

to the preferred embodiments thereof, it will be understood by those skiiled in the art that 

various· cho.rrgt's \n-fonn aitd 4etail may be made without departing from the.~pirit_and ~ 

sco-pe of the invem:ion. 

What is claL-rned is: 

iiiiii!Dr 
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* C L M S * 

i. A .method of forming an interfacial oxide layer at a semiconductor/ dielectric 

interfa.ce comprising: 

providing a partially processed semiconductor ,,vafer having semiconductor 

- . 

surfaces upon which gate dielectrics are to be disposed; 

•. 
cleaning said semiconductor surfaces of contaminants and panicles; 

depositing a chin dielectric layer; 

annealing said semiconductor wafer in a gaseous environment to induce the 

grO\-vth of an oxide layer under said thin dielectric iayer. 

2. The method of Claim l wherein said semiconductor wafer is a silicon-wafer. 

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

. 4. The method of Claim l wherein said surface cleaning is accomplished using a 

RCA cie~ning process. 

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

nitride. 

6. The method of Claim 1 wherein snid deposited dielectric layer is LPCVD or 

RTCVD silicon nitride. 

-----·-·-···-· 

---··--7:--Tne metnoa ~-if Claim f Wheieliltlie.thickness of ~;id dep~~ted.di~i~-~trl~--i~yer is 
"'=tween abom 8 to 25 Angstroms. 
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8. The method cf Claim l wherein t.Qe annealing gas is a mixture of 02 and n2. 

9. The method of Claim 1 wherein tbe w ... nealing temperature is between about 700 
to lOOO degrees Celsius. 

10. The method of Claim l wherein the annealing pressure is between about l to 100 
Tor::-. 

'· 

·n:·The.metnod ofClaim 1 wherein the H2/02 ratio is between about 1:500 to 1:20. 

l 2. The method of Claim l wherein the annealing duration is between 5 to 50 

seconds. 

13. A method of forming an 1nterfacial oxide layer.at a semiconductor/ dielectric 

interfac~ comprising: 

providi~g a partially processed semiconductor wafer having semiconductor 
-

surfaces upon which gate dielectrics are to be disposed; 

cleanimz said semiconductor surfac~s of contaminants and uarticles~ ~ .. 

depositing a thin first dielectric layer; 

·· annealing said semiconductor wafer in a gaseous environment to induce the 

growth of an oxide layer under said th.in first dielectric layer; 

deoositing a second dielectric layer. .... - . - . - ··-· ··- -----. - .- . .. -- .:. - . ·------------
. - . ! 4. The method of Claim 13 wherein said semiconductor wafer is a silicon wafer. 
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* C L M S * 

15. The method of Claim 13 ~erein said. semiconductor surface is a silicon surface. 

16. Tile method of Claim 13 wherein said surface cleaning is accomplished using a 

RCA cie:ming process. 

· 17. The method of Claim 13 wherein said deoosited thin first dielectric iaver is CVD . . . 
silicon nitride. 

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

LPCVD or RTCVD silicon nitride. 

19. The method of Claim 13 wherein the L'lickness of said deposited dielectric layer 

is betv.:een about 8 to 25 Angstroms. 

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

2 i. 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 annealing duration is between 5 to 50 

seconds. 
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C L M S * 
25. The method of Claim 13 wherein said deposited second diek:ctric layer is CVD sitlcon nitride. 

26. The method of Claim 13 wherein said detiosited second dieiectric laver is . 
, 

LPCVD or RTCVD silicon nitride. 

iiiIT!Hif 

·- -:-· .... --~--=- ·.·.--, ·:·· --- . - -· - · ... 

13 


