
A METHOD TO FORM SELF-SEALING AIR GAPS BETWEEN METAL 

INTERCONNECTS 
. . 

BACKGROUND OF THE INVENTION 

(1) Field of the Invention 

The invention relates to a method of fabricating 

semiconductor structures,. and more particularly, to a 

method of forming self-sealing air gaps between metal 

interconnects in the manufacture of integrated circuit 

.devices. 

(2) Description of the Prior Art 

Advances in integrated circuit manufacture have 

enabled the formation of ·very narrowly spaced metal 
. 

interconnections. Such metal interconnect processes 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 the 

distance between the metal lines decre~ses. To counter 

·this phenomenon, there are only tw.o alternatives. First, 

the metal lines may be made thinner to reduce the effective 

coupling area between the lines. Unfortunately, this 

increases the resistance of the metal traces and reduces 

switching speed. The preferred method to reduce coupling 

is to reduce the dielectric constant (K) of the material 

between the metal lines. 

In recent years,. many low dielectric materials have 

been proposed in the art for use as interlevel 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 capacitive 

coupling between adjacent metal lines can therefore be 

significantly reduced by replacing the typical silicon 

dioxide-based interlevel dielectric with air. 
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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 

Havemann et al discloses a process to form low dielectric 

constant air gaps between adjacent metal lines on an 

integrated circuit device. A disposable solid material, 

·such as photoresist, is deposited overlying the metal lines 

and filling the gaps between these metal l·ines. The 

disposable solid material is etched down to below the top 

surfaces of the metal lines. A porous dielectric layer is 

deposited overlying the metal lines and the disposable 

solid material. The disposable solid material is etched 

away by an etching process that can penetrate the porous 

dielectric layer. Etching processes, such as oxygen plasma 

_and liquid acetone, are disclosed. Once the disposable 

solid material is removed, low dielectric constant air gaps 
. 

are left between adjacent metal lines. Alternat{ve 

embodiments include a passivation layer overlying the metal 

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 
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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 the deep, narrow trenches and 

merely seals the trenches to thereby form permanent air 

voids. U.S. Patent 5,814,555 to Bandyopadhyay et al 

discloses a process to form voids in the dielectric layer 

between ad1acent metal lin~s. The chemical vapor d~position. 

(CVD) process conditions used in the deposition 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 
. 

forming metal interconnects in the manufacture of 

integrated circuits. 

A further object of the present invention is to 

provide a method to form metal interconnects with reduced 

interlevel dielectric capacitance. 
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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 self-sealing technique. 

In accordance with the objects of this invention, a 

new method of forming metal interconnects with air gaps 

between adjacent interconnects in the manufacture of art 

integrated circuit device has been achieved. A 

semiconductor substrate comprising all layers and devices 

underlying planned metal interconnects is provided. The 

metal interconnects are formed overlying the semiconductor 

substrate. A silicon nitride liner layer is deposited 

overlying the metal interconnects. A gap· filling oxide 
. 

layer is deposited overlying the silicon nitride liner 

layer and filling gaps betwe~n adjacent metal 

interconnects. The gap filling oxide layer is polished 

down to the top surface of the silicon nitride liner layer. 

A silicon nitride thin layer is deposited.overlying the gap 

filling oxide layer and the silicon nitride liner layer. 

The silicon nitride thin layer is patterned using a mask 
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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 portion of the gap filling 

oxide layer between the adjacent metal interconnects. The 

gap filling oxide layer is etched away. A sel.~~;s_.ealing 

oxide layer is deposited overlying the silicon nitride thiri 

layer and the silicon nitride liner layer. ·The self-

sealing oxid~·layer seals over the gaps between the silicon 

nitride thin layer and the silicon nitride liner layer to 

thereby form permanent air gaps between the adjacent metal 

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. ·1 through 8 and 11 schematically illustrate in 

cross-section the pref erred embodiment of the present 

invention. 

6 



Figs. 9 and 10 schematically illustrate in isometric 

views the partially-completed integrated circuit device. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The embodiment discloses the application of the 

present invention to the formation of interconnects in the 

manufacture of an integrated circuit device. It should be 

clear to those experienced in the art that the present 

invention can.be applied and extended without 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 embodiment. A semiconductor· 

substrate 10, typically consisting of monocrystalline 

silicon, is provided. It should be understood that 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. 
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A barrier layer 14 is deposited overlying the 
.. 

semiconductor substrate 10. The barrier layer 14 is the 
- . 

base layer for the planned metal interconnects. The 

barrier layer 14 serves as a barrier to metal ionic 

migration or diffusion. Depending on the composition of 

the barrier layer 14, it may also serve as an electrical 

isolation. The barrier layer 14 comprises titanium, 

titanium alloys, tantalum, and tantalum alloys. Examples 

of barrier layer 14 materials include Ti, Ti and TiN, Ti 

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

thickness of between about 50 Angstroms and 800 A!lgstroms. 

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 me.tal 

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 
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the capping layer 22. The capping layer 22 is preferably 

deposited to a thickness of between about 100 Angstr~ms a~d· 
. . 

800 Angstroms. 

A hard mask layer 26, comprising silicon nitride or 

silicon oxynitride, is deposited overlying the capping 

layer 22. The hard mask layer 26 will be used as a hard 

mask in the etching process used to define the metal 

interconnects. In this use, the hard mask layer 26 

improves the etching capability when there is a lack of 

resist margin. In addition, the hard mask layer 26 will 

act as a polishing stop for good process control of the 

polishing step. The hard mask layer 26 is deposited by a 

conventional process to a thickness of between about 200 

Angstroms and 1,000 Angstroms. Finally, an oxide layer may 

be used underlying the hard mask layer 26 to reduce stress. 

. . 
The barrier layer 14, metal layer 18, capping 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 

•· 
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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 conventional 

photolithographic process may be used to perform the 

patterning. In this case, a photoresist layer, not shown., 

is deposited overlying the hard mask layer 26. The 

photoresist layer is exposed_ through the metal interconne9t 

mask and then developed. The hard mask layer 26 is etched 

using the 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 silfcon nitride linet 

layer 30 is deposited overlying 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 poli~hing 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 silicon nitride liner layer 30 is 
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preferably deposited using a conventional chemical vapor 
.. 

deposition (CVD) process. The silicon nitride liner layer . . 
30 is deposited to a thickness of between about 250 

Angstroms and 800 Angstroms. 

Referring now to Fig. 4, a gap filling oxide layer 34 

is deposited overlying the silicon nitride liner layer 30. 

The gap filling oxide layer 34 will temporarily fill all of 

the spaces between adjacent metal interconnects. When the 

gap filling oxide layer 34 is later removed, air gaps will 

be left that can be easily se~led over. The gap filling 

oxide layer 34 preferably comprises a doped ~ilicon dioxide 

material such as phosphosilicate glass (PSG), 

borophosphosilicate 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 ch·emical vapor 

deposition (CVD) and then reflowed to achieve excellent 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, 00-0 Angstroms 

and 25,000 Angstroms. 

11 

. .. ·-·: · ... 



.... 

Referring now to Fig. 5, the gap filling oxide lay~r 

34 is polished down to the top surface of the silicon 
. 

nitride liner layer 30. The polishing down operation 

removes unneeded oxide and confines the gap filling oxide 

layer 34 to only the spaces"between the metal 

interconnects. The silicon nitride liner l~yer 30 stgps 

the polishing down once the overlying gap filling oxide 

layer 34 is removed. The polishing down is performed using 

a conventional chemical mechanical polishing (CMP) process 

that is selective to oxide while having a much lower etch 

rate for silicon nitride. 

Another important feature of the present invention 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 
. 

metal interconnects. In the subsequent processing, once 

the gap filling oxide layer 34 is removed, the silicon 

nitride thin layer 38 can be sealed to form 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. 
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Referring now to Fig. 6, another important part of the 
.. , 

present invention is shown. The silicon nitride thin laye .. r · 
-

38 is patterned using a randomly-oversized reverse mask of 

the metal interconnect pattern. The randomly-oversized 

reverse mask pattern is created by an algorithm such that 

isolat~d.metal lines (those spaced 9reater than 1.5 

microns) are covered and such that the nitride openings are 

joined at equal intervals. In this way, sufficient 

rectangular openings may pe etched in the silicon nitride 

thin layer 38 to allow for subsequent removal of the 

underl~ing gap filling oxide layer 34. In addition, the 

etched silicon nitride thin layer 38 will have a sufficient 

structural grid supported by the underlying metal lines. As 

an alternative, random circular openings may be formed in 

the silicon nitride thin layer 38 between the metal lines. 

In the preferred embodiment, a photo·resist layer 42 :ts 

deposited overlying the silicon nitride thin layer 38. The 

photoresist layer 42 is exposed through a mask. The mask 

data is an·oversized and reversed polarity representati~n 

of the mask data used to define the metal interconnects. 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 
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between the metal interconnects. However, due to 

misalignment, there will be gaps where the subsequently 

etched silicon nitride thin layer 38 will no longer cover 

the gap filling oxide layer 34. 

Referring now to Fig. 7, the silicon nitride thin 

lay~r 3B ls etched through to the top surface of the gap 

filling oxide layer 34. Because of the oversized and 

reversed mask, the etching step leaves gaps between the 

silicon nitride thin layer 38 and the silicon nitride liner 

layer 30 and thereby exposes a part of the gap filling 

oxide layer 34 in each gap area. 

Referring now to Fig. 8, the gap filling oxide layer 

34 is etched away using an anhydrous hydrofluoric acid (HF) 

solution. By removing the gap filling oxide layer 34, the 

silicon nitride thin layer 38 is left overlying the gaps. ' 
.. 

In addition, the gaps between the metal interconnects have 

only air as the dielectric barrier·46. The wet etchant can 

penetrate the gaps between the silicon nitride thin layer 

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

material. 

Referring now to Fig. 9, an isometric view of the 
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partially-completed integrated circuit device is shown. 

Note that the silicon nitride thin layer 38, which appeare~· 
. 

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

the connected grid of the silicon nitride thin layer 38. 

The randomly-oversized, reversed mask patte~n discussed in 

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

spaced rectangular openings 47 formed in the silicon 

nitride thin la~er 38. The openings 47 allow the etching 

solution to penetrate 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 lines. 

Referring now to Fig. 10, an alternative opening 

pattern is shown in isometric view. Instead of the 

randomly-oversized rectangular openings, the algorithm is 

changed to produce random circular openings: 48 in the 
. 

silicon nitride thin layer 38 between the metal lines. 

Once again, the openings 48 allow the gap filli~g 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 

IS 
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and the silicon nitride liner layer 30. The self-sealing 

oxide layer penetrates, but only partially, the small gap~ 

between the silicon nitride thin layer 38 and the silicon 

nitride liner layer 30. Therefore, the deposition of the. 

self-sealing 6xide layer 50 causes the formation .of 

permanent air gaps 46 between the metal interconnects in 

the manufacture of the integrated circuit device. Th.e. 

self-sealing oxide layer 50 preferably comprises silicon 

dioxide deposited in a CVD process by the dissociation o.f 

tetraethoxysilane (TEOS). This is also called a TEOS­

oxide. 

The specific advantage of the present invention is the 

formation of air gap dielectrics between adjacent metal 

interconnects in the· integrated circuit device. The 

process provides this advantage using a single masking step 

and established processes. The inclusiori df 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. 
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While the invention has been particularly shown and 

described with reference to the preferred embodiments ·· 

thereof, it will be understood by those skilled in the art 

that various changes in form and details may be made 

without departing from the spirit and scope of the 

invention. 

What is claimed is: 
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1. A method to form air gaps between metal interconnects in 

the manufacture of an integrated circuit device co~prisi~g: .. 
providing metal interconnects overlying a 

semiconductor substrate; 

5 depositing a silicon nitride liner layer overlying 

said metal interconnects and said semiconductor substrate; 

. depositing a gap filling oxide layer overlying sa~d 

silicdn ·riitrlde liner layer to fill gaps between adjacent 

said metal inferconnects; 

10 polishing down said gap filling oxide layer stopping 

when the top surfa~e of said silicon nitride liner layer is 

exposed; 

depositing a silicon nitride thin layer overlying said 

silicon nitride ·1iner layer and said gap filling oxide 

15 layer; 

patterning said silicon nitride thin layer to create 

openings to thereby expose parts of said:gap filling oxide 

layer; 

etching away said gap filling oxide layer; and 

20 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. 
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( 

2 . 
' , 

The method according to Claim i wherein said gap- fi\.l±ng 
. 

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 according to Claim 1 wherein said step of 

patterning said silicon nitride thin layer uses a mask 

comprising data that is an ·oversized and reversed 

representation of the mask data used to pattern said metal 

5 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 anhydrous hydrofluoric acid. 

7. The method according to Claim 1 wherein said 
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self-sealing oxide layer comprises silicon dioxide 

deposited in a chemical vapor deposition process ba~ed on 
. 

the dissociation of tetraethoxysilane (TEOS) . 

8. A method to form air gaps between metal interconnects in 

the manufacture of an integrated circuit device comprising: 

providing metal interconnects overlying a 

semiconductor substrate; 

5 depositing a silicon nitride liner layer overlying 

said metal interconnects and said semiconductor substrate; 

depositing a gap filling oxide layer overlying said 

silicon nitride liner layer to fill gaps between adjacent 

said metal interconnects; 

10 polishing down said gap filling oxide layer stopping 

when the top surface of said silicon nitride liner layer is 

exposed; 

depositing a silicon nitride thin:layer overlying said 
. 

silicon nitride liner layer and said gap filling oxide 

15 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 
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20 reversed representation of the mask data used to pattern 

said metal interconnects; 
. . 

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 

25 layer to thereby form permanent air gaps between adjacent 

said metal interconnects to complete said integrated 

ci.rcui t device .. 

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

oxide layer comprises doped 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 step of 

etching away· said gap filling oxide layer is by a wet 

etching process comprising anhydrous hydrofluoric acid. 

12. The method according to Claim 8 wherein said 

self-sealing o~ide layer comprises silicon dioxide 

deposited in a chemical vapor deposition process based on 

the dissociation of tetraethoxysilane ·(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 

5 se~icond~ctor substrate comprises layers, devices., 

10 

isolations, and lower interconnect levels; 

depositing a barrier layer overlying said 

semiconductor substrate; 

depositing a metal layer overlying said barrier layer; 

depositing a capping layer overlying said metal layer; 

depositing a hard mask layer overlying said capping 

layer; 

patterning said hard mask layer to form a hard mask 

where said metal interconnects are planned; 

15 etching through said capping layer, said metal layer, 

20 

and said barrier layer to complete said~metal 

interconnects; 

depositing a silicon nitride liner layer overlying 

said metal interconnects and said semiconductor substrate; 

depositing 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 linei layi~ ~s 

-
25 exposed; 

depositing a silicon ni~ride thin layer overlying said 

silicon nitride liner layer and. said gap filling oxide 

layer; 

patterning said silicon nitride thin layer to create 

30 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 

reversed representation of the mask data used to pattern 

said metal interconnects; 

35 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 saiq integrated 

40 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 
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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 meth6d 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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