wo 2013/040751 A1 [N AP0 O OO 00O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/040751 A1l

28 March 2013 (28.03.2013) WIPO I PCT
(51) International Patent Classification: (74) Agent: SHANGHAI PATENT & TRADEMARK LAW
HO1L 21/302 (2006.01) HO1L 21/764 (2006.01) OFFICE, LLC; 435 Guiping Road, Shanghai 200233
(21) International Application Number: (CN).
PCT/CN2011/079859 (81) Designated States (unless otherwise indicated, for every
. re ) kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BI, BR, BW, BY, BZ,
20 September 2011 (20.09.2011) CA. CH. CL, CN. CO, CR, CU. CZ, DE, DK, DM, DO,
(25) Filing Language: English DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
o . HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
(26) Publication Language: Enghsh KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(71) Applicant (for all designated States except US): ACM MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
RESEARCH (SHANGHAI) INC. [CN/CN]; BId. 4, No. OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
1690 Cailun Road, Zhangjiang High-tech Park, Shanghai SE, SG, 8K, SL, SM, ST, SV, §Y, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
201203 (CN).
(72) Inventors; and (84) D.esignated. States (unlgss othefﬂwise indicated, for every
(75) Inventors/Applicants (for US only): WANG, Hui kind of regional protection available): ARIPO (BW, GH,
[CN/CNJ; Bld. 4, No. 1690 Cailun Road, Zhangjiang GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
High-tech Park, Shanghai 201203 (CN). WANG, Jian ZM, ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
[CN/CN]; Bld. 4, No. 1690 Cailun Road, Zhangjiang TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
High-tech Park, Shanghai 201203 (CN). JIN, Yinuo EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
[CN/CN]; Bld. 4, No. 1690 Cailun Road, Zhangjiang MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
High-tech Park, Shanghai 201203 (CN). JIA, Zhaowei TR), OAPI (BF, B, CF, CG, CL, CM, GA, GN, GQ, GW,
[CN/CN]; Bld. 4, No. 1690 Cailun Road, Zhangjiang ML, MR, NE, SN, TD, TG).
High-tech Park, Shanghai 201203 (CN). Published:

with international search report (Art. 21(3))

(54) Title: METHOD FOR FORMING AIR GAP INTERCONNECT STRUCTURE

FIG 10

“— 1109

1110

R RS

301

(57) Abstract: Embodiments of the present invention provide a method for forming air gap interconnect structure. A first step of the
method is to form conductive structures on a substrate, the conductive structures are separated by sacrificial material. A scale of the
conductive structures is lower than 65nm and the conductive structures are polished by both Chemical Mechanical Polishing (CMP)
and Stress-Free ElectroPolishing (SFP). A second step of this method is to remove the sacrificial material to form recesses between
the conductive structures. And a third step of this method is to non-conformally deposit dielectric material over the conductive struc-
ture and in the recesses, so as to form air gaps within the dielectric material in the recesses. No hard mask is deposited during the
formation of the conductive structures.



WO 2013/040751 PCT/CN2011/079859

METHOD FOR FORMING AIR GAP INTERCONNECT STRUCTURE

FIELD OF THE INVENTION

[0001] The present invention relates to semiconductor manufacture. More specifically,
the present invention relates to improvements to an air gap interconnect structure for

applications in 65nm or smaller technology.

BACKGROUND

[0002] With the recent semiconductor development, very large scale integrated circuits
(VLSI) and ultra large scale integration (ULSI) are widely required in the semiconductor
industry. VLSI and ULSI typically have complex multilevel structures, tiny line width and
line space which contain patterns of metal wiring layer and dielectric material to insulate the
metal wire. The performance of VLSI and ULSI are limited by the interconnect capacitance,
especially in ultra tiny feature size integrated circuit. In a RC circuit, the value of time
constant is equal to the product of the circuit resistance and the circuit capacitance (RC), and
the power consumption is equal to the product of the capacitance, square of the voltage and
the frequency (CV?f). Therefore the resistance and capacitance determine the performance of
the semiconductor devices. In order to reduce the resistance, copper (Cu) is used as an
effectively conductive line to replace aluminum (Al) in VLSI and ULSI, and a low-k
dielectric material, such as aromatics hydrocarbon thermosetting polymer (SiLK) is
considered to replace the traditional dielectric material, such as silicon dioxide (Si0;), which

can effectively reduce the capacitance of VLSI and ULSI.

[0003] The mechanical property of low-k dielectric material restricts the developments of
VLSI and ULSI, due to the low Young’s modulus of low-k dielectric, as shown in TABLE 1.
The mechanical strength of copper will weaken square with the copper line width decrement,
as shown in FIG.1. With the purpose of removing the excess copper line, a planarizing polish
process, such as a chemical mechanical planarization (CMP) is applied. Because of the
mechanical weakness of low-k material and the huge young’s modulus difference between

the low-k dielectric material and copper, the conductive line will appear deformed during the
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CMP process and result in a short circuit or an open circuit of VLSI and ULSI. It would be
very possible that the copper line may be destroyed by the CMP during the process.
Therefore, low-k dielectric material can not become a main current dielectric material and

replace the traditional dielectric material.

[0004] Table 1  Mechanical and electrical property of dielectric material

Dielectric Material Young’s Modulus (GPa) Permittivity
Si0, 70 39
SiLK 2.5 22

[0005] In order to overcome this issue, air gap interconnection structure is developed.
The permittivity of air is equal to 1, which is much lower than traditional dielectric material
(Si0;) at approximately 3.9, if air is formed between copper lines, the dielectric constant of
the dielectric layer will be decreased significantly. The air gap process can provide a relative
low-k dielectric constant, the air gap combined with dielectric material can be consider as a
porous material with permittivity depending on the volume of the air gap. US 7,501,347, US
7,629,268 and US 7,361,991 have provided some methods to form air-gap structures lager
than 90-nm scale, however, when the feature size is decreased, the traditional damascene
processes, especially the processes using CMP to planarize the copper line surfaces, are
facing serious bottleneck. It would be a big problem on how to eliminate the stress on the

copper lines.

[0006] Hence, the stress-free-polishing (SFP) is invented to overcome this bottleneck.
SFP bases on the electrochemical mechanism to polish the excess copper line without erosion
and mechanical stress. By using SFP, the copper line will not be damaged. The damascene
technique integrated with SFP process can form an air-gap structure with a scale smaller than

65 nm.

SUMMARY

[0007] According to the present invention, an improved damascene technique integrated
with SFP technique is provided. The technique uses copper as a main conductor layer and

solves the following problems:
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[0008] 1) No hard mask is used. In prior art, in order to protect the sacrificial polymer
layer, commonly a hard mask is formed above the sacrificial polymer layer, the hard mask
has a higher mechanical strength to resist the stress during the CMP process. The method
according to the present invention utilizes SFP instead of CMP to &iix ! B I H LR.

the excess copper, as a result the processes of depositing and removing the hard mark may be
removed because the SFP process will not bring any stress to the copper lines. The method
of the present invention simplifies the whole process and reduces the cost by removing the

processes of the hard mask.

[0009] 2) In prior art, a part of the dielectric materials will be reserved to protect the
flanks of copper lines so as to avoid potential damages to the copper lines caused by the
polishing process. Therefore, the air gaps can not be formed in narrow line space areas or
only smaller air gaps can be formed in these areas. That is the reason why air gap
interconnect structure is not applied to narrow interconnect structures, such as first metal
layer (M1 layer) structures, even the permittivity has the most significant impact in this layer.
The method of the present invention may also remove the reserved dielectric materials since
no stress will be applied by the SFP process. Therefore, the air gaps can be formed in narrow
line spaces, such as the spaces having a scale less than 65nm. And a relatively larger air gap
may be formed in the spaces between copper lines and the shape of the air gap is optimized.
The permittivity of dielectric will be significantly reduced, and the RC delay and the power
consumption will be further reduced. The tiny node VLSI and ULSI dissipation problem will

be solved.

[0010] According to an embodiment of the present invention, a method for forming air
gap interconnect structure is provided. Trench and via are selectively etched in an insulating
structure composed by sacrificial material. Conductive structures are formed in the trench and
via, the conductive structures are separated by sacrificial material. A scale of the conductive
structures is lower than 65nm. Then deposit a barrier and remove the barrier by XeF;
selective thermal flow etching. The conductive structures are plated by copper and the copper
is polished by both Chemical Mechanical Polishing (CMP) and Stress-Free ElectroPolishing
(SFP) in sequence. The sacrificial material are removed by plasma etch to form recesses
between the conductive structures. Then deposit a insulating film serving as a sealing

dielectric on entire surface. Dielectric material is non-conformally deposited over the

3



WO 2013/040751 PCT/CN2011/079859

conductive structure and in the recesses by Chemical vapor deposition (CVD) so as to form
air gaps within the dielectric material in the recesses. No hard mask is deposited during the

formation of the conductive structures.

[0011] According to an embodiment of the present invention, a copper sealing layer is
non-conformally deposited on the conductive structure after removing the sacrificial material

and prior to non-conformally depositing dielectric material.

[0012] According to an embodiment of the present invention, a sacrificial removal stop

layer is formed on the substrate prior to forming conductive structure on the substrate.

BRIFE DESCRIPTION OF THE DRAWING

[0013] FIG. 1 is a diagram illustrating the relation between copper line width and its

mechanical strength.

[0014] FIG. 2 is a cross-sectional view of the initial structure of the substrate according to

the method for forming an air gap interconnect structure of the present invention.

[0015] FIG. 3 is a cross-sectional view of the structure of the substrate after a pattern
process according to the method for forming air gap interconnect structure of the present

invention.

[0016] FIG. 4 is a cross-sectional view of the structure of the substrate after recesses are
formed according to the method for forming air gap interconnect structure of the present

invention.

[0017] FIG. 5 is a cross-sectional view of the structure of the substrate after a barrier
layer and a main conductive copper layer is deposited according to the method for forming

air gap interconnect structure of the present invention.

[0018] FIG. 6 is a cross-sectional view of the structure of the substrate after the main
conductive copper layer is smoothed by CMP according to the method for forming air gap

interconnect structure of the present invention.
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[0019] FIG. 7 is a cross-sectional view of the structure of the substrate after the main
conductive copper layer is polished by SFP according to the method for forming air gap

interconnect structure of the present invention.

[0020] FIG. 8 is a cross-sectional view of the structure of the substrate after etching the
barrier layer according to the method for forming air gap interconnect structure of the present

invention.

[0021] FIG. 9 is a cross-sectional view of the structure of the substrate after removing the
insulating film according to the method for forming air gap interconnect structure of the

present invention.

[0022] FIG. 10 is a cross-sectional view of the structure of the air gap interconnect
structure formed according to the method for forming air gap interconnect structure of the

present invention.

DEDETAIL DESCRIPTION OF EMBODIMENTS

[0023] As shown in FIG. 2, a first dielectric layer 302 is deposited on substrate 301. The
first dielectric layer 302 may be one of SiCN, SiC, SiN and SiOC or their combination. A
second dielectric layer (sacrificial layer) 303 is deposited on the first dielectric layer 302. The
second dielectric layer 303 may be a low-k material or insulating film like an organic film
such as a SiLK film. A reflection preventive film 304 and a photo-resist film 305 is

sequentially deposited on the second dielectric layer 303.

[0024] The photo-resist film 305 is patterned by exposure to form a photo-resist pattern
405 as shown in FIG. 3. The reflection preventive film 304 is selectively removed by dry
etching using the photo-resist pattern 405 as an etching mask and forms a patterned reflection

preventive film 404.

[0025] As shown in FIG. 4, the second dielectric layer 503 is selectively removed to form
trenches by dry etching using the photo-resist pattern 405 as an etching mask. Thereafter, the
photo-resist pattern 405 and the patterned reflection preventive film 404 are removed. Refer

to FIG. 4, trenches 506 are formed within the second dielectric layer 503.
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[0026] A barrier layer of TaN/Ta 606a is deposited on entire main surface of substrate
301 by using sputtering. Then, the metal layer of copper 606b is deposited on the barrier layer
of TaN/Ta 606a by using sputtering and plating in sequence. FIG. 5 shows the structure after
the depositions of the barrier layer of TaN/Ta 606a and the metal layer of copper 606b.

[0027] The metal layer of copper 606b is polished to 100nm~200nm of remaining copper
film thickness by CMP for smoothing the surface topography, as shown in FIG 6. The

remaining copper film is numbered as 706b.

[0028] A stress-free electropolishing (SFP) is performed on the remaining copper film
706b. FIG.7 illustrates the structure after a stress-free electropolihsing (SFP) process. After
the SFP process, the copper film 806b is polished back to the surface of non-recessed areas,
such that metal layer within the recessed regions, i.e., the trenches and/or vias, is isolated
from adjacent recessed regions. SFP is a chemical-electrical process: the copper on the wafer
substrate works as an anode and an electrolyte nozzle works as a cathode. The copper is
dissolved and polished by contacted electrolyte when positive voltage is applied between the
anode and the cathode. SFP is a stress free and selective copper removal process.

W02010/020092 discloses a detailed process of SFP.

[0029] The barrier layer of Ta/TaN 906a on the top surface of wafer is removed by XeF,
gas phase etching. The XeF; reacts spontaneously with Ta/TaN at a certain temperature and
pressure. XeF; is an isotropic selective etching method of Ta/TaN (the barrier layer of
Ta/TaN 606a). The XeF, gas has good selectivity to both copper 806b and the second
dielectric layer 503, which is formed by dielectric materials such as SiO,, SiLK, or low k Si-
C-O-H based materials. The value k of the low k Si-C-O-H based materials varies from 1.2 to
4.2 and 1.3~2 .4 is preferred. During the whole process there is no mechanical stress applied
to the barrier layer of Ta/TaN 906a or the second dielectric layer 503 directly, so there is no
damage to copper 806b or the second dielectric layer 503 (the dielectric materials).
According to an embodiment, the temperature of the substrate varies from 0°C to 300°C and
25°C~200°C 1is preferred. The pressure of XeF; gas during the process is between 0.1Torr
and 100 Torr and 0.5 Torr~20 Torr is preferred. FIG. 8 shows the above process.
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[0030] The chemical reaction products of XeF, and Ta/TaN are in gas phase, such as Xe
or volatiles with the processing pressure. An example of the volatiles is tantalum fluoride.

Thus, there is no residual on the surface of the wafer.

[0031] As shown in Fig. 8, when the barrier layer 906a exposed on the top surface is
removed completely by XeF, gas phase etching, the trenches 906 in the semiconductor device
is electrically separated completely. The copper layer or copper film 806b and the remaining
barrier layer (of Ta/TaN) 906a are completely separated by the low k dielectric layer 503

(formed from the second dielectric layer 303).

[0032] The low k dielectric layer 503 (formed from the second dielectric layer 303) is
removed by using reducing gas NHj3, or Hy/N; to form trench 1007, and first dielectric layer
302 serves as an etching stopper. The depth for removal becomes uniform. At the same time,
the copper layer or copper film 806b and remaining barrier layer of TaN/Ta 906a does not get
any damage. The FIG. 9 shows the above process.

[0033] A third dielectric layer 1008 is deposited on entire surface of substrate, and serves
as a sealing dielectric in FIG. 9. The third dielectric layer 1008 maybe one of SiCN, SiC, SiN

and SiOC or their combination.

[0034] As shown in FIG. 10, a fourth dielectric layer 1109 is deposited on the third
dielectric layer of SiCN 1008 by using non-conformally plasma enhance chemical vapor
deposition (PECVD) or thermal chemical vapor deposition (TCVD). Tetraethyl Orthosillicate
(TEOS) and Ozone (O3) are applied in TCVD. Air gap structure are formed by TCVD with
temperature from 300°C and 450°C, with best temperature 400°C. Air gaps 1110 are formed
in trenches 1007. The trenches 1007 shall have a space between 10nm to 250nm. The fourth
dielectric layer 1109 may be one of SiOF, SiOC, Black Diamond (BD) and Black Diamond 11
(BDII) or their combination.
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What is claimed is:

1. A method for forming air gap interconnect structure comprising,

depositing a first dielectric layer;

depositing a second dielectric layer (sacrificial layer),

putting photo mask, then selectively etching the second dielectric layer to form
trenches and vias in the second dielectric layer;

depositing barrier layer and seed layer on the second dielectric layer with trench and
via;

depositing a metal layer on the seed layer;

partially polishing the metal layer by using Chemical Mechanical Polishing (CMP);

polishing the metal layer to barrier layer by using Stress-Free ElectroPolishing (SFP);

etching the barrier layer;

removing the second dielectric layer by plasma etch to form recesses between the
metal structures;

depositing a third dielectric layer serving as a sealing dielectric on entire surface;

non-conformally depositing a fourth dielectric layer over the metal structure and in
the recesses by Chemical vapor deposition (CVD) , so as to form air gap structure between
the metal lines;

planarizing the top surface of the fourth dielectric layer CMP for smoothing the
surface topography.

2. The method of claim 1, wherein the first dielectric layer is on of one of SiCN, SiC,

SiN and SiOC or their combination.

3. The method of claim 1, wherein the second dielectric layer is organic material.

4. The method of claim 3, wherein the organic material is SiLK.

5. The method of claim 1, wherein the second dielectric layer is SiOF, SiOC.

6. The method of claim 1, wherein the barrier layer is Ta/TaN, Ti/TiN, or Ru.
8
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7. The method of claim 6, wherein the barrier layer of TaN/Ta or TiN/Ti is deposited
by sputtering.

8. The method of claim 1, wherein the seed layer is copper.

9. The method of claim 1, wherein the metal layer is copper.

10. The method of claim 9, wherein the metal layer is deposited by sputtering or

Electrochemical plating (ECP).

11. The method of claim 1, wherein partially polishing the copper layer to
100nm~200nm of remaining thickness by Chemical Mechanical Polishing (CMP) for
smoothing the surface topography.

12. The method of claim 1, wherein the rest of the metal layer in non-recessed areas is
polished by Stress-Free ElectroPolishing (SFP) to isolate the barrier layer of within the

recessed regions.

13. The method of claim 1, wherein the barrier layer comprising Ta/TaN or Ti/TiN is
removed by XeF, gas phase etching.

14. The method of claim 1, wherein the barrier layer comprising Ta/TaN or Ti/TiN is

removed by plasma etching.

15. The method of claim 1, wherein the second dielectric layer comprising SiLK
comprises is plasma etched by using NHj, or Hy/N; as a reducing gas, and using the first

dielectric layer as an etching stopper.

16. The method of claim 1, wherein one of SiCN, SiC, SiN and SiOC or their

combination is deposited as the third dielectric layer.
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17. The method of claim 1, wherein SiOF, SiOC, Black Diamond (BD), or Black
Diamond IT (BDII) is non-conformally deposited as the fourth dielectric layer by using
Chemical Vapor Deposition (CVD).

18. The method of claim 17, wherein CVD is Plasma Enhance Chemical Vapor
Deposition (PECVD) or Thermal Chemical Vapor Deposition (TCVD).

19. The method of claim 18, wherein Tetraethyl Orthosillicate (TEOS) and Ozone (O3)
are applied in the TCVD.

20. The method of claim 18, wherein air gap structure formed by TCVD with
temperature from 300°C and 450°C, with best temperature 400°C.

21. The method of claim 1, wherein air gaps are only formed on recesses with a space

between 10nm to 250nm.

10
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