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A METHOD TO FORM SELF-SEALING AIR GAPS BETWEEN METAL

INTERCONNECTS
BACKGROUND OF THE INVENTION

(1) Field of the Invention

The invéﬁtidn'relatés.to a méthod of fabricating
'semicdnductor'structures;.and more particularly, té a 
method of forming self—éealiﬁg ai; gaps bethen'metal
~interconnects in the manufacture of integrated éi#cuit

devices.
(2) DeScription of the Prior Art

Advances in integrated circuit manufécture have
enabled the formation of very narrowly spaced metal N
- interconnections. Such metal interconnect.proéeéées allow
greater device density in the completed circuit.

' Unfortunately, as the line to line spacing in the

interconnect layers is made smaller, the capacitive
coupling between the lines becomes greater. Increased
capacitive coupling causes cross-talk, where voltage

fluctuations on one line induce voltage fluctuations on an



~adjacent line. Capacitive coupling also causes a reduction
in switching speeds as the total capacitive line load -
increases. Both of these problems can adversely affect

performance and yield.

CapaCitive coupling increases inversely as thé'
aistance between the metal lines decreases. To counter
"this phenomenon, there are only tﬁo alternatiﬁesﬂ' Fifst,
the ﬁétal lines may be made thiﬁﬁer to redﬁéé the effecﬁi&e"'
couﬁlihg area between'the lines. Unfortunatély, this
increééés the resistance of the-metal traces énd reduces
switching speed. The preferred method to reduce coﬁpling
is to redﬁce Ehe dielectric constant (x) of the material

"between the métal lines.

In recent years, many low dielectric materials have

been proposed in the art for use as interlével dielectrics.

‘From a dielectric constant perspective, one of the best
materials is air. Air has a dielectric constant of
slightly greater than 1.0. By comparison, silicon dioxide
has a dielectric constant of about 4.0. The cépacitive
coupling between adjacent metal lines can therefore be
significantly reduced by replacing the typical silicon

dioxide-based interlevel dielectric with air.



Several prior art approaches disclose methods to form

air gaps between metal interconnections in the manufacture
of an integrated circuit device. U.S. Patent 5,461,003 to
Havemanﬁ et al discloses a process to form low dielectric
constanf air gaps between adjécent metal-linés on ah
integrated circﬁiﬁ dévice. A disposablelsolid ma;erial,:.
‘such as photbresisﬁ, iéldeposiﬁéd overlying the metal_lines
“and filliné the gaps befween these.métai linés. The |
disposable solid material is etched down té beiQw the.top-
surfaces of the metal lines. -A_pOrous.dielectric'layer_is
deposited overlying the ﬁetal lines aﬁd the disposable
sélid material. The disposable solid material is etched
away by an etching process that can penetratehthe porous
dielectric layer. Etching processes, su;h as oxygen plasma’
‘and liquid acetone, are disc1osed. Once the disposable
sblid material is removed, low dielectric constant air gaps
" are left between adjacent metal liges.. Alternétfve
embodiments include a passivation layer overlying the métal
" lines and an oxide layer overlying only the tops of the
metal lines. U.S. Patent 5,792,706 to Michael et al
teaches a process to form low dielectric constant air gaps
between and above metal lines. After metal line formation,

a dielectric layer is deposited overlYing and filling gaps



between the metal lines. Deep, narrow trenches are etched

through the dielectric layer. A capping layer of silicon -

-
- -

dioxide is deposited overlying the dielectric layer. The
capping . layer cannot fill thé deep, narrow trenches and
merely seals the trenches to thgreby form permanent air
voids.. Ufs. Pateht 5,814,555 to Bandyopadhyay et al
discléseS-a process té form voids.in the.dielectri¢ iayer-
lbetween adﬂaceht.metal linés..The chemical vapor deposition.
kCVD)'précess conditiéns used in the'déposifion of the

dielectric layer are conducive to forming voids.

SUMMARY OF THE INVENTION

A principal object of the present invention is to
provide an effective and very manufacturable method of N

forming metal interconnects in the manufacture of

integrated circuits.

A further object of the present inwvention is to

provide a method to form metal interconnects with reduced

interlevel dielectric capacitance.



A still further object of the present invention is to
reduce interlevel dielectric capacitance by forming air -

gaps between adjacent metal interconnects.

A yet still further object of the present invention is
to form air gaps between adjacent metal interconnects using

a seif—sealing technique.

In gccordancé with the objects of tﬁis inveﬁtion, a
new méthod of forming metal inteiconﬁects with-air gaps.
between adjacent interconnects in the manufacture of an
.integrated circuit device has been.achieved. A
.semiconductor substrate comprising all layers and devices
underlying planned metal interconneéts is provided. The
metal interconnects are formed ovérlying the semiconductor.
substrate. A silicon nitride liner layer is deposited
overlying the metal interconnects. A gap filling oxide °
layei is deposited overlying the sili;on nitrid; 1iner
‘layer and filling gaps between adjacent metal
interconnects. The gap filling oxide layer is pélished
down to the top surface of the silicén nitride liner layer.
A silicon nitride thin layer is deposited'ove;lying the gap
filling oxide layer and the silicon nitride liner layer.

The silicon nitride thin layer is patterﬁed using a mask



that is an oversized and reversed representation of the
mask used to pattern the metal interconnects. The
patterning of the silicon nitride thin layer creates
openings to thereby expose a portibn of the gap filling
oxide layer between the adjacent metal interconneété; The
gap filling oxide layer is etched away. A self-sealing
oxide layer is deposited overlying the silicon nitride ﬁhin
" layer and the silicon nitride liner'layer.'jThe self~
seaiing oxidé;layer seals over the gaps between the éiiicon“
nitride thin layer and the Siliébn nitridé.liner layer to -
thereby form permanent air gaps between the adjécent metals_

interconnects, and the integrated circuit is completed.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings forming a-material part

of this description, there is shown:

Figs. 1l through 8 and 11 schematically illustrate in

cross-section the preferred embodiment of the present

invention.




Figs. 9 and 10 schematically illustrate in isometric

views the partially-completed integrated circuit device.

'DESCRIPTION OF THE PREFERRED EMBODIMENTS

The embodiment discioseé fhe application of the
present invention to the formation of inﬁerconhects in the
'manufacture'of'én intégrated circuit device.' It should beﬂ
clear to those experienced in the art that the present |
invention-éan'be-appliéd and extended Qithout deviating

from the scope of the present invention.

Referring now particularly to Fig. 1, there is shown a
cross section of a partially completed integrated circuit
device of the preferred eﬁbodiment. A semiconductor:
substrate 10, typically consisting of monocrystalline .
silicon, is provided. It should be upderstéod'tﬁat the
semiconductor substrate 10 may actually comprise several
layers, including devices, isolations, and lower levels of
interconnections. For purposes of simplification, the

semiconductor substrate 10 is illustrated as a single

layer..



A barrier layér 14 is deposited overlying the

semiconductor substrate 10. The barrier laver 14 ié the :

base layer'fo; the planned metal interconnects. The
barriér_layer 14 serves as a bartier:to métal ionic
migration or diffusion. Depending on the composition of
the barrief layer 14, ii may élﬁo serve as an elecﬁrical
isoiation. The_barrier layer 14 comprises titanium,
titanium alloys, taﬁtalum, and tantaium alloys. Examples
of barrier layer 14 materials include Ti, Ti aﬁd TiN, fi

and TiW, and TaN. The barrier layer 14 is deposited .to a

thickness of between about 50 Angétroms and 800 Angstroms.

A metal layer 18 is deposited overlying the barrier

layer 14. The metal layer 18 'is the conductor for the

planned interconnects. The metal layer comprises aluminum,

aluminum alloys, copper, or copper alloys. The metal layer

'is preferably deposited to a thickness of between about °

*
[}

2,000 Angstroms and 20,000 Angstroms.

A capping layer 22 is deposited overlying the metal
layer 18. The capping layer 22 forms a diffusion barrier
to prevent out-diffusion of the metal layer 18. The
capping layer 22 preferably comprises titanium and titanium

alloys. For example, titanium nitride (TiN) may be .used as



the capping layer 22. The capping layer 22'is preferabLy

deposited to a thickness of between about 100 Angstrbﬁs and -

800 Angstroms.

A hard mgsk layer 26; comprising silicon nitride or
silicon oxynitride, ié déposited overlying'the capping
layer 22. The hard mask layer 26 will be used as a'hard
mask in the etching process used.to define thé metal
interconnects. In this use, the hard mask la?er 26
'impr6§es.the etching capability Qhen there is a lack of
resiéf margin. In addition, the hard.mask layer 26 will
Act.as'a pélishing stop for éood process control of the
polishing step. The hard mask layer 26 is deposited by a
convention#l process to a thickness of between about 200
Angstroms and 1,006 Angstroms. Finally, an oxide layer may
be used unde;lying the hard mask layer 26 to reduce stress.

The barrier layer 14, metal laye; 18, capﬁiné layer
22, and the hard mask layer 26, comprise the metal stack of
" the planned metal interconnects. This combination of
layers is illustrative of a preferred embodiment of the
present invention. The composition of the metal stack

could be altered by addition, subtraction, or substitution



of layers without deviating from the intent of the

invention.

Referring now to Fig. 2, the metal stack is patterned
to form the metal interconnects. A éonventiqnal
phdfélithographic process may be used to perform the'
patterning. In this case, a photoresist layer, not shoWn?
is deposited-ové:lying the hard mask layer 26. The
ph§toreSist layer is exposed through the ﬁetal iﬁtefepnﬁegt
mask-and then developed. The hard mask layer 26 is etched
usingnthe photoresist layer as a mask. The photoresist
layer may then be removed. The capping layer 22, metal

layer 18, and the barrier layer 14 are then etched through

to complete the metal interconnects.

Referring now to Fig. 3, an important feature of the

present invention is illustrated. A silicon nitride liner

layer 30 is deposited overlyiné the,metal interconnects.
The silicon nitride liner layer 30 will serve two functions
in the present invention. First, it will act as a
polishing stop for the polishing down of the subsequently
deposited gap filling oxide layer. Second, it will serve
as a metal barrier during the removal of the gap filling

oxide layer. The sili;on nitride liner layer 30 is

10



preferably deposited using a conventional chemical wvapor
deposition (CVD) process. The silicon nitride liner iaYer‘:

30 is deposited to a thickness of between about 250

Angstroms and 800 Angstroms.

Referring now to Fig. 4, a gap filling oxidé layer 34
is deposited overiying the silicon nitride iinér layer 30.
The gap filling oxide layer.34 will ﬁemporarily fiLl all of
the spaées between adﬁacent metal interc@nnects. Whén the
gap filling_oxide layer 34 is later removed, air gaps will
be left that éan.be easily sealed over. The gap filliﬁg
oxide layer 34 preferably comprises a doped §ilic§n dioxide
.méterial such as phosphosilicate glasé (PSG),
borophosphésilicate glass (BPSG), fluorine-doped silicate
glass'(FSG), and fluorinated silicate glass (FSG). Doped
silicon dioxide is used for the gap filling oxide layer 34
because this material may be formed by chemical vapor >
deposition (CVD) and then reflowed to achieve ;xéellent gap
fill at lower temperatures than.an undoped oxide. In the
preferred embodiment, the gap fill oxide layer 34 is

deposited to a thickness of between about 3,000 Angstroms

and 25,000 Angstroms.

11
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Referring now to Fig. 5, the gap filling oxide layer
34 is polished down to the top surface of the silicon
nitfide liner layer.30. The polishing down operation
removes unneeded oxide and confines the'gap filling oxidé
layer 34 to only the spaces between the metal
interconnects. The silicon nitride.liner layer 30 stops
'thé polishing down once the overlying gap filling oxide .
'1ayer.34 is reﬁoved. The poliéhing down is performed ﬁsiné _.
' a conventional chemical mechanical polighinQI(CMP) process;
' that.is selective to_ogide while having a much loWer etch

rate for silicon nitride.

Another important feature of the present invenfion is
the deposition of a silicon nitride thin layer 38 overlying
the gap filling oxide layer 34 and the silicon nitride
liner layer 30. The silicon nitride thin layer 38 will
form the main structure overlying the gaps between the .
métai'interconnects. In tﬁe subsequent proceséinb, once
the gap filling éxide layer 34 is removea, the silicon
nitride thin layer 38 can be sealed to fgrm permanent air

gaps. The silicon nitride thin layer 38 is deposited using

a conventional CVD process to a thickness of between about

100 Angstroms and 500 Angstroms.

12



Referring now to Fig. 6, another.important part of the
present invention is sﬁown. -The silicon nitride thin 1ayé5“
38 is patterned using a randomly—oversized_reverse.mask of
the metal intercoﬁnect pattérn. fhe-randomly-oversized
reverse mask pattern is created by an algorithm such that
isolated metal lines (those spaced.gréater_thanil.S
micron35 are covered and'such thét £he nitride openiﬁés are
joiﬁed at equal intervals. In this way, suffiéient
reéﬁanguiar openings méy bé etched ih the silicon nitride
thin lé?er 38 to allow for Subsequent removal of thé
underlying gap filling oxide layer 34. In addition, the
 etched silicon-nitridé.thin layer 38 will have a sufficient.
.structural grid supportéd by the underlying metal lines. As
an alte:native, random circular openings may be formed in

the silicon nitride thin layer 38 between the metal lines.

In the preferred embodiment, a photoresist layer 42 I's

deposited oveilying the silicon nitride thin layer 38. The
photoresist layer 42 is exposed through a mask. The mask
data is an oversized and reversed polarity representation
~of the mask data used to define the metal interconnecfs; By
using an oversized and reversed mask of the metal
interconnects, the photoresist layer 42 that remains after

developing will cover the central portions of the gaps

13



between the metal interconnects. However, due to
misalignment, there will be gaps where the subsequently
etched silicon nitride thin layér 38 will no longer cover

the gap filling oxide layer 34.

Referring now to Fig; 7, the silicon nitride ghin
layeér 38 is etched through to the top surface of the gap
filling oxide layer 34. Because of the oversized and B
reve:sed mask, the etchiqg étep leaves gaps between the
silicon'nitride thin layer 38 and the silicon ni;ride liner
layer 30 and thereby exposes é part of the gap filling

oxide layer 34 in each gap area.

Referrihg now to Fig. 8, the gap filling oxide layer
34 is etched away using an anhydrous hydrofluoric acid (HF)
_solution. By removing the gap £illing oxide layer 34, the
silicon nitride thin.layer 38 is left overlying the gaps. °
In addition, the gaps.between the metal intercongécts have
only air as the dielectric barrier 46. The wet etchant can
penetrate the gaps between the siliéon nitride thin layer

38 and the silicon nitride liner layer 30 to etch the oxide

naterial.

Referring now to Fig. 9, an isometric view of the

14




partially-completed integrated circuit device is shown.

Note that the silicon nitride thin layer 38, which appeared -

to be floating in space in Fig. 8, is actually supported by

the connected grid of the silicon ﬁitride thin layer 38.

' The randomly-oversized, reversed mask pattern discussed in

connection with Fig. 6, is illustrated in Fig. 9 as equally

spaced fectangular openings 47 formed in the silicon

nitride thin layer 38. The openings 47 allow the etching

solution to pénetrate and remove the gap filling oxide
layer 34 from between the metal lines. The air gaps 46 are

thereby formed. At the same time, the silicon nitride thin

.layer.38 is structurally supported by the metal linés.

Referring now to Fig. 10, én alternative opening
pattern is shown in isometric view. Instead of the
randomly-oversized rectangular openings, the algérithm is
changed to producé random circular openings: 48 in the .
silicon nitride thin layer 38 between the metaf-fines.
Once again, the openings 48 allow the gap filling oxide

layer 34 to be removed. The silicon nitride thin layer 38

-is structurally supported by the metal lines.

Referring now to Fig. 11, a self-sealing oxide layer

50 is deposited overlying the silicon nitride thin layer 38

15
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and the silicon nitride liner layer 30. The self-sealing
oxide layer penetrates, but only partially, the Smail Qapé '

between thé silicon nitride thin léyer 38 and the silicon
nitride liner laye£ 30. Therefore, the deposition of the
Self—sealing_okide layer 50 causes the formation .of
permaﬁent air géps 46 between the metal interconnects in
the manufacturé'of the integrated circuit dévice. Thé.
self-sealing oxide'layer 50 preferabiy comprises'silicon'
dioxide dépdSited in a CVD process by the dissociation of ;-
tetraethdxysilgne (TEOS). This is also called a TEOS-'

oxide.

The specific advantage of the present invention is the
formation of air gap dielectrics between adjacent ﬁetal
interconnects in the integrated circuit'devige. The
process provides this advantage using a single masking step

and established processes. The inclusion of thus formed

air gap dielectrics improves circuit performance.

As shown in the preferred embodiments, the present
invention provides a very manufacturable process for
forming air gap dielectrics between metal interconnects in

an integrated circuit device.

16



While the invention has been particularly showﬁ and
describéd with reference to the préferred embodiments - .
thereof, it will be understood by those skilled in the art
- that various éhénges in form and details may be madé
without departing from the spirit and scope of the

invention.

What is claimed is:

17
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1. A method to férm air gaps between metal interconnects in
the maﬁufacture of an integratéd circuit device coﬁprisiﬁq:
'.providing metal interconnects overlying a )
semiconductor substrate;
depositing é silicon nitride liner layer overlying
said metal interconﬁects'and said semiconductcr substrate;
.depoéiting a gap filliné oxide léyer overlying ééid
silicon nitride liner layer to fili gaps between adjacent
séid mefal intérédnneéts; |
polishing.down said gap filling oxide layer stopping"
when the top surfééé of said silicon nitride liner layer is
éxposed; |
depositing a silicon nitride thin'layer overlying said
silicon nitridé‘liner layer and said gap filling oxide
layer:;
patterning said silicon nitride thin layer to create

openings to thereby expose parts of said :gap filling oxide

L4
.

layer:
etching away said gap filling oxide layer; and
depositing a self-sealing oxide layer overlying said

silicon nitride liner layer and said silicon nitride thin

layer to thereby form permanent air gaps between adjacent

said metal interconnects to complete said integrated

circuit device.

) I
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2. The method according to Claim 1 wherein said gap* filling

oxide layer comprises doped silicon dioxide.

3. The method aCcording to Claim 1 wherein said silicon
nitride thin layer is deposited to a thickness of between

about 100 Angstroms and 500 Angstroms.

4. The method éccording to Claim 1 where;n said step qf
éétterninq said silicon nitride.thin layér uses a mask
compfising data thét is an'éversized and reyerged
representation of the mask data uéed_to pattern said metal

interconnects.

5. The method according to Claim 1 wherein said step of
patterning said silicon nitride layer forms random circular

openings between said metal interconnects.
6. The method according to Claim 1 wherein said step of
etching away said gap filling oxide layer is by a wet

etching process comprising anhydrdus hydrofluoric acid.

7. The method according to Claim 1 wherein said

19
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self-sealing oxide layer comprises silicon dioxide
deposited in a chemical vapor deposition process based on’

the dissociation of tetraethoxysilane (TEOS). -

8. A method tp'form air gaps between metal interconnects in
the nanufacture of an intégrated circuiﬁ device compriéiné:. 
providing metal'interconnects ovérlying a |
seMiconducth sﬁbstfate;
deaniting é'silicon nitride liner layet'overlyingﬂ
saia-metal interconnects and said semiconductorhéubstrate;
| depositing a gap filling oxide layer overlying naid

silicon nitride liner layer to fill gaps between adjacent

said metal interconnects;

polishing down said gap filling oxide layer stopping
when theltop surface of said silicon nitride liner layer is
exposed;

depositing a silicon nitride thinilayer overlying said
silicon nitride liner layer and sa;d gap filiing oxide
layer;

patterning said silicon nitride thin layer to create:
openings to thereby expose parts of said gap filling oxide
layer wherein said patterning said silicon nitride thin

layer uses a mask comprising data that is an oversized and

. AR RO -
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reversed representation of the mask data used to pattern

said metal interconnects;

etching away said gap'filling oxide layer;'and'
depositing a self-seaiing oxide layer overlying said
silicon nitride liner laYer and said silicon nitride thin

layer to thereby form permanent air gaps between adjacent

said metal interconnects to complete said intégrated

circuit device.
9. The method according to Claim 8 wherein said gap filling

oxide layer éomprises ddped silicon dioxide.

10. The method according to Claim 8 wherein said silicon

nitride thin layer is deposited to a thickness of between

about 100 Angstroms and 500 Angstroms.

11. The method according to Claim 8 wherein said stép of
etching away said gap filling oxide layer is b§ a wet

etching process comprising anhydrous hydrofluoric acid.

12. The method according to Claim 8 wherein said
self-sealing oxide layer comprises silicon dioxide

deposited in a chemical vapor deposition process based on

the dissociation of tetraethoxysilaﬂe'(TEOS).
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13. A method to form metal interconnects with air gaps

therebetween in the manufacture of an integrated circuit

device comprising:

providing a semiconductor substrate wherein said

semicondyctor substrate comprises layers, devices,

- isolations, and lower interconnect levels:

depositing a barrier layer overlying said

semiconductor substrate;

depositing a metal layer 6verlying-said barrier layer;
' depositing a capping layer overlying said metal layer:;

depositing a hard mask layer overlying said capping

layer;

pétterning said hard mask layer to form a hard mask
where said metal interconnects are planﬁed;

etching through said'éapping layer, said metal layer,
and said barrier layer to complete said metal

interconnects; ' | '
depositing a silicon nitride liner layer overlying

said metal interconnects and said semiconductor substrate;
dépositing a gap filling oxide layer overlying said

silicon nitride liner layer to fill gaps between adjacent

said metal interconnects:;
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polishing down.said gap filling oxide layer stopping

when the top surface of said silicon nitride liner layé;*is

exposed;
‘depositing a silicon nitride thin layer overlying said.
silicon nitride liner layer and said gap'filling_oxide
layer;
patterning said silicon nitride thiﬁ layer to creéte
openings ﬁo therebQ'exposelparts of said.gap £illing oxide
layér wherein said patterning said silicon nitride.thin
layer uses é-ﬁask C§mprising déta that is an oversiied.and'
reversed répfésentatioﬁ éf the mask data used to pattern
said metal interconnécts; |
'etching'away said gap filling oxide layer; and
depositing a self—séaling oxide layer overlying said
silicon nitride liner layer and said silicon nitride.thin
layer to ﬁhereby fbrm permanenf air.gaps between adjacent

said metal interconnects to complete said integrated

~

.

circuit device. _ '
14. The method according to Claim 13 wherein said barrier
layer comprises one of the group of: titanium, titanium

alloys, tantalum, and tantalum alloys.

15. The method according to Claim 13 wherein said metal

23
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layer comprises one of the group of: aluminum, aluminum

alloys, copper, and copper alloys.

16. The method according to Claim 13 wherein said capping

layer comprises titanium nitride.

17. The method according to Claim 13 wherein said gap

filling oxide layer comprises doped silicon dioxide.

18. The method according to Claim 13 wherein said silicon
nitride thin layer is deposited to a thickness of between .

about 100 Angstroms and 500 Angstroms.

19. The method according to Claim 13 wherein said step of
etching away said gap filling oxide layer is by a wet

etching process comprising anhydrous hydrofluoric'acid.

20. The method according to Claim 13 wherein said -
self-sealing oxide layer comprises silicon dioxide
deposited in a chemical vapor deposition process based on

the dissociation of tetraethoxysilane (TEOS).
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