09/045864 A2 | NIV 00O OO

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

(19) World Intellectual Property Organization Vd”Ij

) IO O T O A 00

International Bureau

(43) International Publication Date
9 April 2009 (09.04.2009)

(10) International Publication Number

WO 2009/045864 A2

(51) International Patent Classification:
HOIL 21/302 (2006.01)

(21) International Application Number:
PCT/US2008/077764

(22) International Filing Date:
26 September 2008 (26.09.2008)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
60/976,431
12/212,611

Us
Us

29 September 2007 (29.09.2007)
17 September 2008 (17.09.2008)

(71) Applicant (for all designated States except US): LAM
RESEARCH CORPORATION [US/US]; 4650 Cushing
Parkway, Fremont, CA 94538 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): DORDI, Yezdi N.
[US/US]; 104 Walter Hays Drive, Palo Alto, CA 94303
(US). HOWALD, Arthur M. [US/US]; 4233 Cabernet
Court, Pleasanton, CA 94566 (US).

(74) Agent: LU, Yan; SYNC Technology Law Group, Suite
205B, 1090 Century Avenue, Shanghai 200120 (CN).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AOQ, AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
1L, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT,
RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TJ,
™™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,
CIL, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

(54) Title: METHODS OF LOW-K DIELECTRIC AND METAL PROCESS INTEGRATION

& (57) Abstract: An integrated process for forming metallization layers for electronic devices that use damascene structures that in-
clude low-k dielectric and metal. According to one embodiment of the present invention, the integrated process includes planarizing
a gapfill metal in low-k dielectric structures, generating a protective layer on the low-k dielectric followed by cleaning the surface
of the gapfill metal. Another embodiment of the present invention includes a method of protecting low-k dielectrics such as carbon

doped silicon oxide.



WO 2009/045864 PCT/US2008/077764

METHODS OF LOW-K DIELECTRIC AND METAL PROCESS INTEGRATION

CROSS REFERENCES

[0001] This application claims benefit of U.S. Patent Application S/N 60/976,431, Docket
No. XCR-008, titled “METHODS OF LOW K DIELECTRIC AND METAL PROCESS
INTEGRATION” to Yezdi N. DORDI and Arthur M. HOWALD, filed 09/29/2007. U.S. Patent
Application S/N 60/976,431, filed 09/29/2007, is incorporated herein, in its entirety, by this

reference

BACKGROUND

[0002] This invention pertains to fabrication of electronic devices such as integrated circuits
that use low-k dielectrics in metallization layers; more specifically this invention relates to low-k

dielectric process integration for fabricating integrated circuits.

[0003] The extreme performance requirements and the complexity of the devices pose
challenges for the fabrication of electronic devices. The fabrication of such devices may require
hundreds of process steps of a variety of types. Many of the process steps must be performed
with severe tolerances for the results of each of the process steps. Frequently, there are
unfavorable interactions between various process steps where the process conditions required for
one process step have an adverse effect on prior or subsequent process steps. Because of this
complexity, it is often difficult to identify the cause of a process integration problem. After
identifying the cause of a process integration problem, there still remains the difficult task of
finding a solution for the problem. In order to fabricate high-performance electronic devices so
as to achieve high yield and acceptable cost, process integration problems, when discovered,

need to be solved.

SUMMARY
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[0004] This invention pertains to metallization for electronic devices. The present invention
secks to overcome one or more process integration problems for fabricating electronic devices

such as for fabricating semiconductor devices that use integrated circuits.

[0005] One aspect of the present invention is a method of processing a wafer having a low-k
dielectric patterned with structures for metallization and a gapfill metal filling the structures.
According to one embodiment of the present invention, the method includes planarizing the
gapfill metal to form the metallization. The method also includes generating a protective layer
on the low-k dielectric after planarizing the gapfill metal. After generating the protective layer,

the method includes cleaning the surface of the gapfill metal.

[0006] Another embodiment of the present invention includes a method of protecting a low-k

dielectric such as carbon doped silicon oxide.

[0007] It is to be understood that the invention is not limited in its application to the details
of construction and to the arrangements of the components set forth in the following description
or illustrated in the drawings. The invention is capable of other embodiments and of being
practiced and carried out in various ways. In addition, it is to be understood that the phraseology
and terminology employed herein are for the purpose of description and should not be regarded

as limiting.

[0008] As such, those skilled in the art will appreciate that the conception, upon which this
disclosure is based, may readily be utilized as a basis for the designing of other structures,
methods, and systems for carrying out aspects of the present invention. It is important, therefore,
that the claims be regarded as including such equivalent constructions insofar as they do not

depart from the spirit and scope of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a process flow diagram of an embodiment of the present invention.
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DESCRIPTION

[0009] The present invention pertains to interconnect metallization that uses an electrically
conductive metal and a low-k dielectric for electronic devices such as integrated circuits. More
specifically, the present invention pertains to methods of fabricating interconnect metallization
layers that include a metal such as copper and low-k dielectric such as carbon doped silicon

oxide for electronic devices such as integrated circuits.

[0010] The operation of embodiments of the present invention will be discussed below,
primarily in the context of processing semiconductor wafers such as silicon wafers used for
fabricating integrated circuits. The metallization layers for integrated circuits include copper for
metal lines formed into damascene or dual damascene low-k dielectric structures. The low-k
dielectric is a material such as a carbon doped silicon oxide (SiOC:H). However, it is to be
understood that embodiments in accordance with the present invention may be used for other

semiconductor devices, metals other than copper, and semiconductor wafers other than silicon.

[0011] Reference is now made to Fig. 1 where there is shown a flow diagram 20 of a method
according to one embodiment of the present invention. Flow diagram 20 shows a method of
processing a wafer having a low-k dielectric patterned with structures for damascene or dual
damascene metallization and a gapfill metal filling the structures for the damascene or dual
damascene metallization. The method includes planarizing the gapfill metal 25, generating a
protective layer on the low-k dielectric 30, and cleaning the surface of the gapfill metal 35. As
an option, flow diagram 20 may include forming a capping layer over the gapfill metal 40 or one

or more other subsequent processes for processing the wafer.

[0012] According to one embodiment of the present invention, planarizing the gapfill metal
25 is accomplished by a process such as chemical mechanical planarization. Chemical
mechanical planarization is a well-known process used in fabrication of semiconductor devices.
Generally, chemical mechanical planarization of gapfill metal involves using a polishing pad and
slurry to contact the surface of the gapfill metal while relative motion is established between the

polishing pad and the surface of the gapfill metal. Physical and chemical interactions between
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the polishing pad, the slurry, and the surface of the gapfill metal causes removal of the gapfill
metal until a substantially planar surface is formed for the low-k dielectric and the gapfill metal.
Copper is a preferred gapfill metal for embodiments of the present invention. The use of copper
with a low-k dielectric has become a commonly used combination of materials for metallization
layers in electronic devices. Numerous chemical mechanical planarization processes have been
reported in the literature for damascene and dual damascene low-k dielectric and copper

metallization layers.

[0013] A variety of methods may be used to generate the protective layer on the low-k
dielectric 30. According to a preferred embodiment of the present invention, generating the
protective layer on the low-k diclectric is accomplished by exposing the low-k dielectric to a
plasma operated at conditions effective to generate the protective layer. As options,
embodiments of the present invention may use a plasma generated by methods such as, but not
limited to, capacitively coupled plasma, inductively coupled plasma, and microwave generated
plasma. For some embodiments of the present invention, the wafers may be electrically
grounded while the protective layer is generated on the low-k diclectric. For preferred
embodiments of the present invention, the wafers are electrically biased while the protective

layer is generated on the low-k dielectric.

[0014] The present inventors have discovered that an inductively coupled plasma such as a
Transformer Coupled Plasma (TCP™, a trademark of Lam Research Corporation, Fremont,
California) operating substantially without heating the wafer and with an electrical bias applied
to the wafer generates a preferred protective layer on the low-k dielectric for some embodiments
of the present invention. Generating the protective layer using this new process is beneficial
because the protective layer can be produced substantially without heating the wafer so that it is
substantially at room temperature. Also, the protective layer can be generated in a short time,
generally within a matter of a few seconds. The damage to the low-k dielectric from forming the
protective layer is also low. These benefits are particularly suitable for a follow on post-
chemical mechanical planarization process. This means that the low-k dielectric can be provided
with protection after chemical mechanical planarization and before plasma cleaning the surface

of the gapfill metal 35.
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[0015] For some embodiments of the present invention, cleaning the surface of the gapfill
metal 35 uses a plasma process such as an oxygen containing plasma to generate chemical
species for removing contaminants on the surface of the gapfill metal. Cleaning the surface of
the gapfill metal 35 may also include a plasma process such as using a hydrogen containing
plasma to generate chemical species for removing contaminants such as oxides from the surface
of the gapfill metal. As an option for some embodiments of the present invention, generating the
protective layer on the low-k dielectric 30 may be accomplished using the same processing
chamber used for cleaning the surface of the gapfill metal 35. More specifically for this
embodiment, the process sequence includes planarizing the gapfill metal followed by generating
the protective layer on the low-k dielectric followed by cleaning the surface of the gapfill metal.
An inherent result of the way that the gapfill metal is cleaned is that the surface of the low-k

dielectric may also be cleaned if contaminants are present on the low-k dielectric.

[0016] According to one embodiment of the present invention, generation of a protective
layer on the low-k dielectric on a 200 millimeter (mm) diameter wafer is accomplished by
exposing the low-k dielectric to an inductively coupled plasma using process conditions that
include 200 standard cubic centimeters per minute (sccm) helium, 20 mTorr gas pressure, 250
Watts (W) of inductively coupled radio frequency (RF) power at 13.56 megaHertz (MHz), 50 W
of bias RF power at 13.56 MHz, duration of 15 seconds, and wafer holder temperature of 20°C.
For a 300 mm diameter wafer, the inductively coupled power may be set at about the 250 W and
the bias RF power is increased to about 100 W. Additional information about inductively
coupled plasma and examples of suitable equipment for forming inductively coupled plasma is
available in the literature. For examples, see commonly owned US Patent 6,048,798 and US
Patent 6,155,199; the contents of these patents are incorporated herein in their entirety by this

reference.

[0017] Additional options for preferred embodiments of the present invention include, but
are not limited to, the following: A nitrogen plasma such as a plasma formed using molecular
nitrogen can be used to generate a protective layer on the low-k dielectric; the surface of the

gapfill metal can then be cleaned by an oxygen containing plasma followed by a hydrogen
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containing plasma. An argon plasma can be used to generate a protective layer on the low-k
dielectric; the surface of the gapfill metal can then be cleaned by an oxygen containing plasma
followed by a hydrogen containing plasma. A neon plasma can be used to generate a protective
layer on the low-k diclectric; the surface of the gapfill metal can then be cleaned by an oxygen
containing plasma followed by a hydrogen containing plasma. A helium plasma can be used to
generate a protective layer on the low-k dielectric; the surface of the gapfill metal can then be
cleaned by an oxygen containing plasma followed by a hydrogen containing plasma. Optionally,
the hydrogen containing plasma may be performed before the oxygen plasma. Also as an option,
the hydrogen plasma and the oxygen plasma may be conducted as a downstream plasma process
wherein plasma is generated remotely from the wafer and chemical species from the plasma are

allowed to flow to a process chamber for exposure to the wafer.

[0018] Another embodiment of the present invention includes a method of protecting a low-k
dielectric such as carbon doped silicon oxide for electronic device processing. According to this
method, the low-k dielectric layer is provided on a substrate such as a semiconductor wafer. The
method includes applying an electrical bias to the low-k dielectric while exposing the low-k
dielectric to an inductively coupled plasma so as to form a protective surface on the low-k
dielectric at substantially room temperature. As an option for embodiments of the present
invention, the plasma contains one or more gases including, but not limited to, helium, argon,
and neon. Another option for an embodiment of the present invention includes using molecular
nitrogen to form the plasma. According to one embodiment of the present invention, the plasma
is formed in substantially pure helium, neon, argon, or molecular nitrogen. A preferred
embodiment of the present invention uses an inductively coupled plasma and the low-k dielectric
is directly exposed to the plasma while RF power is also applied to the wafer so as to provide an

electrical bias for the low-k dielectric.

[0019] Another embodiment of the present invention includes a method of processing a
wafer. The method includes using a deposition chamber to deposit a carbon doped silicon oxide
low-k dielectric on the wafer and providing a plasma to generate a protective layer on the low-k
dielectric in situ. More specifically, the protective layer on the low-k dielectric is generated

while the wafer remains in the deposition chamber. The method also includes forming
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damascene structures in the low-k dielectric and depositing gapfill copper to fill the damascene
structures. The method includes using chemical mechanical planarization to planarize the gapfill
copper so as to produce a substantially planar surface for the low-k dielectric and the gapfill
copper. Preferably, the method includes using an inductively coupled plasma to generate a
second protective layer on the low-k dielectric. The second protective layer is generated with an
electrical bias applied to the low-k diclectric during formation of the protective layer. After
generating the second protective layer, the method includes cleaning the surface of the planarized
gapfill copper using an oxygen containing plasma and using a hydrogen containing plasma. The
method then includes applying a capping layer to the planarized gapfill copper after the cleaning.
As an option for some embodiments of the present invention, the capping layer may include a
material such as cobalt. For a preferred embodiment of the present invention, applying the
capping layer is accomplished with an electrochemical process. Other materials suitable for use
as the capping layer are materials typically used as metallization diffusion barriers for copper.
Examples of the material suitable for use as the capping layer include, but are not limited to,

tantalum, tantalum nitride, ruthenium, aluminum oxide, silicon carbide, and silicon nitride.

[0020] TABLE 1 shows examples of experimental results of exposing wafers with a low-k
dielectric known by the trade name Black Diamond, identified as BD-1 in TABLE 1, to a 2-
minute downstream oxygen plasma after various plasma pre-treatments. The conditions used for
the downstream oxygen plasma included 900 sccm oxygen, plasma source pressure 1 Torr,
plasma source RF power 2.5 kW at 13.56 MHz (alternatively, 2.5 kW microwave power at 2.45
GHz), and wafer temperature of 20°C. According to US Patent 6,168,726, Black Diamond is a
low-k dielectric of carbon-doped silica, which is referred to as oxidized organo-silane. Methods
and equipment for forming Black Diamond have been presented in US Patent 6,054,379 and US
Patent 6,072,227. Typically, the formation of Black Diamond low-k dielectric uses a chemical
vapor deposition (CVD) process with gaseous precursors of an organo-silane and an oxidizer to
form a diclectric layer having a dielectric constant in the range of 2.5 to 3. The CVD process
may be carried out in a low-power capacitively coupled plasma having a power density on the
wafer of less than 1 W/cm? and at a temperature of less than 100°C. Optionally, other processes
may be used to produce low-k dielectrics such as Black Diamond and such as other carbon doped

silicon oxide.
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[0021] In TABLE 1, the columns labeled “ASi-CH;” show the change in infrared absorbance
of Si-CH; chemical bonds in the Alack Diamond low-k diclectric. The destruction of these
bonds and resulting decrease in infrared absorbance are one indicator of damaged low-k

dielectric material.

TABLE 1

Case Treatment of BD-1 Blanket Layer ASi-CH; Measured After ASi-CH; Measured

on Silicon Wafer Treatment After O, Plasma
1 None N/A 40%
2 In-situ He plasma treatment in 10% (Estimated) 0 additional

deposition chamber

3 TCP™ He plasma for 30 sec, no 8% 24% additional
electrical bias

4 TCP™ He plasma for 15 sec, with  13% 0% additional
electrical bias

5 TCP™ Ar plasma for 15 sec, with  13% 0% additional
electrical bias

6 TCP™ N, plasma for 15 sec, with 6% 0% additional

electrical bias

[0022] Information for Case 1, as shown in TABLE 1, is provided as a reference for
comparison with experimental results from embodiments of the present invention. For Case 1, a
layer of Black Diamond low-k dielectric on a silicon wafer was subjected to the downstream
oxygen plasma as described above. The low-k dielectric layer had not received any protection
treatment prior to the oxygen plasma. After the oxygen plasma there was a 40% change in the

amount of Si-CHj; bonds.
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[0023] Case 2 was performed with a layer of Black Diamond low-k diclectric on a silicon
wafer. The low-k dielectric for Case 2 was deposited on a silicon wafer and received a helium
plasma treatment to form a protective layer. The helium plasma treatment was performed before
removing the low-k dielectric from the deposition chamber, i.c., in situ generation of the
protective layer. The helium plasma treatment was performed using a capacitively coupled
plasma with the silicon wafer supported on the grounded electrode. As a result of the way that
the protective layer was formed, direct measurements of the change in the amount of Si-CH;
bonds for Case 2 as a result of generating the protective layer are not available. However, it is
estimated that the change in the amount of Si-CH; bonds for Case 2 as a result of generating the
protection layer is about 10%. Exposure of the low-k dielectric for Case 2 to the oxygen plasma

as described above showed no additional change in the amount of Si-CH; bonds.

[0024] Case 3 was performed with a layer of Black Diamond low-k dielectric deposited on a
silicon wafer. The low-k dielectric for Case 3 was deposited in a deposition chamber. A
protective layer was generated on the low-k dielectric by exposing the low-k dielectric to an
inductively coupled helium plasma for 30 seconds. The inductively coupled plasma was formed
using a process chamber such as commercially available transformer coupled plasma systems
made by Lam Research Corporation of Fremont, California. The process conditions used for the
helium plasma included 200 sccm He, 20 mTorr, 500 W source RF power at 13.56 MHz, 0 W
bias RF power, wafer temperature of 20°C, and duration of 30 seconds. Generation of the
protective layer on the low-k diclectric for Case 3 produced about an 8% change in the amount
of Si-CHj; bonds. Exposure of the low-k dielectric with protective layer to the oxygen plasma as
described above showed an additional change of about 24% in the amount of Si-CH; bonds. In
other words, the protective layer generated for Case 3 provides a significant amount of protection

from damage caused by the oxygen plasma exposure.

[0025] Case 4 was performed with a layer of Black Diamond low-k dielectric deposited on a
silicon wafer. The low-k dielectric for Case 4 was deposited in a deposition chamber. A
protective layer was generated on the low-k dielectric by exposing the low-k dielectric to an
inductively coupled helium (He) plasma for 15 seconds. The inductively coupled plasma was

formed using the same type of inductively coupled plasma process chamber used for Case 3.
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The process conditions used for the helium plasma were 200 sccm He, 20 mTorr, 250 W source
RF power at 13.56 MHz, 50 W bias RF power at 13.56 MHz, wafer temperature of 20°C, and
duration of 15 seconds. The generation of the protective layer for Case 4 produced about a 13%
change in the amount of Si-CH; bonds. Exposure of the low-k dielectric with the protective
layer to the oxygen plasma as described above showed no additional change in the amount of Si-
CH; bonds. More specifically, the protective layer generated for Case 4 provides substantially

complete protection from damage by the oxygen plasma.

[0026] Case 5 was performed with a layer of Black Diamond low-k dielectric deposited on a
silicon wafer. The low-k diclectric for Case 5 was deposited in a deposition chamber. A
protective layer was generated on the low-k dielectric by exposing the low-k dielectric to an
inductively coupled argon (Ar) plasma for 15 seconds. The inductively coupled plasma was
formed using the same type of inductively coupled plasma process chamber used for Case 3.
The process conditions used for the argon plasma were 200 sccm Ar, 20 mTorr, 250 W source
RF power at 13.56 MHz, 50 W bias RF power at 13.56 MHz, wafer temperature 20°C, and
duration of 15 seconds. The generation of the protective layer for Case 5 produced about a 13%
change in the amount of Si-CH; bonds. Exposure of the low-k dielectric with the protective
layer to the oxygen plasma as described above showed no additional change in the amount of Si-
CH; bonds. More specifically, the protective layer generated for Case 5 provides substantially

complete protection from damage by the oxygen plasma.

[0027] In Case 6, the present inventors have shown that an inductively coupled nitrogen (N,)
plasma can produce essentially the same protection effect achieved with the inductively coupled
helium plasma and argon plasma described above but also with less damage caused by the
formation of the protective layer. The inductively coupled plasma was formed using the same
type of inductively coupled plasma process chamber used for Case 3. The process conditions for
the inductively coupled nitrogen plasma used for Case 6 included 200 sccm N,, 20 mTorr, 250
W source RF power at 13.56 MHz, 50 W bias RF power at 13.56 MHz, wafer temperature of 20°
C, and duration of 15 seconds. The results showed a change in the amount of Si-CH; bonds after

treatment of only about 6% and an additional change in the amount of Si-CH; bonds measured

10
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after the oxygen plasma of about 0%. More specifically, the protective layer generated for Case

6 provides substantially complete protection from damage by the oxygen plasma.

[0028] TABLE 1 shows that the protective layers generated on the low-k dielectric for Case
4, Case 5, and Case 6, which were generated in a chamber other than the deposition chamber and
at 20°C, provide essentially the same amount of protection achieved for Case 2 done with in situ
generation of the protective layer. Consequently, embodiments of the present invention that use
process conditions about the same or similar to those used for Case 4, Case 5, and Case 6 are
particularly beneficial for use in process integration. More specifically, process integration for
metallization layers that include metal and low-k dielectrics can be accomplished with greater
case by generating or regenerating a protective layer on the low-k dielectric after planarization of
the metal layer and before use of a cleaning process that includes an oxygen plasma or similar
damage source. This also means that a protective layer on the low-k dielectric can be
conveniently regenerated if the protective layer has been damaged or removed during a prior

process step such as chemical mechanical planarization of gapfill metal.

[0029] The process conditions used for Case 4, Case 5, and Case 6 arc examples of
embodiments of the present invention. Other embodiments of the present invention may use
other plasma process conditions effective to generate the protective layer. Process conditions
that may be suitable for embodiments of the present invention include, but are not limited to, gas
flow from 50 to 500 sccm, pressure from 10 to 80 mTorr, source RF power from 100 to 1000 W,
bias RF power from 20 to 100 W, wafer temperature from 0° to 80° C, plasma exposure time
from 5 to 30 seconds, and all values and subranges subsumed therein for each range of the
process conditions used to form the protective layer. These process conditions are expected to be
suitable for use with gases such as but not limited to argon, helium, neon, and nitrogen.

Additional benefits may be achieved with using gases other than those listed in TABLE 1.

[0030] Another embodiment of the present invention includes a method of process
integration for metallization layers having metal and low-k dielectric. The method includes
generating or regenerating a protective layer on the low-k dielectric prior to any process step

such as an oxygen plasma that can damage the low-k dielectric. According to a preferred

11



WO 2009/045864 PCT/US2008/077764

embodiment of the present invention, the generation of the protective layer on the low-k
dielectric is included as part of a process for preparation of the exposed metal surface for plating

without further damaging exposed areas of the low-k dielectric.

[0031] In the foregoing specification, the invention has been described with reference to
specific embodiments. However, one of ordinary skill in the art appreciates that various
modifications and changes can be made without departing from the scope of the present
invention as set forth in the claims below. Accordingly, the specification and figures are to be
regarded in an illustrative rather than a restrictive sense, and all such modifications are intended

to be included within the scope of the present invention.

[0032] Benefits, other advantages, and solutions to problems have been described above with
regard to specific embodiments. However, the benefits, advantages, solutions to problems, and
any clement(s) that may cause any benefit, advantage, or solution to occur or become more
pronounced are not to be construed as a critical, required, or essential feature or element of any
or all the claims.

% s "one

[0033] As used herein, the terms “comprises,” “comprising,” "includes," "including," "has,"

"o

"having," “at least one of,” or any other variation thereof, are intended to cover a non-exclusive
inclusion. For example, a process, method, article, or apparatus that comprises a list of elements
is not necessarily limited only to those elements but may include other elements not expressly
listed or inherent to such process, method, article, or apparatus. Further, unless expressly stated
to the contrary, "or" refers to an inclusive or and not to an exclusive or. For example, a condition
A or B is satisfied by any one of the following: A is true (or present) and B is false (or not
present), A is false (or not present) and B is true (or present), and both A and B are true (or

present).

12
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CLAIMS

What 1s claimed is:

1. A method of processing a wafer having a low-k dielectric patterned with structures for
damascene or dual damascene metallization and a gapfill metal filling the structures, the method
comprising:

planarizing the gapfill metal;

generating a protective layer on the low-k dielectric; and

cleaning the surface of the gapfill metal.

2. The method of claim 1, wherein planarizing the gapfill metal is accomplished by chemical

mechanical planarization.

3. The method of claim 1, wherein the gapfill metal comprises copper.

4. The method of claim 1, wherein generating the protective layer on the low-k dielectric is
accomplished by exposing the low-k dielectric to a plasma operated at conditions effective to

generate the protective layer.

5. The method of claim 1, wherein generating the protective layer on the low-k dielectric is
accomplished by exposing the low-k dielectric to an inductively coupled plasma at process
conditions including gas flow from 50 to 500 sccm, pressure from 10 to 80 mTorr, source RF
power from 100 to 1000 W, bias RF power from 20 to 100 W, wafer temperature from 0°C to
80°C, plasma exposure time from 5 to 30 seconds, and all values and subranges subsumed

therein.
6. The method of claim 1, wherein generating the protective layer on the low-k dielectric is

accomplished by exposing the low-k dielectric to an inductively coupled plasma with an

electrical bias.

13
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7. The method of claim 1, wherein generating the protective layer on the low-k dielectric is

accomplished by exposing the low-k diclectric to a capacitively coupled plasma.

8. The method of claim 1, wherein generating the protective layer on the low-k dielectric is
accomplished using a N, plasma and cleaning the surface of the gapfill metal is accomplished

using an oxygen containing plasma and a hydrogen containing plasma.

9. The method of claim 1, wherein generating the protective layer on the low-k dielectric is
accomplished using an argon plasma and cleaning the surface of the gapfill metal is

accomplished using an oxygen containing plasma and a hydrogen containing plasma.

10. The method of claim 1, wherein generating the protective layer on the low-k dielectric is
accomplished using a neon plasma and cleaning the surface of the gapfill metal is accomplished

using an oxygen containing plasma and a hydrogen containing plasma.
11. The method of claim 1, wherein generating the protective layer on the low-k dielectric is
accomplished using a helium plasma and cleaning the surface of the gapfill metal is

accomplished using an oxygen containing plasma and a hydrogen containing plasma.

12. The method of claim 1, further comprising applying a capping layer over the gapfill metal

following cleaning the surface of the gapfill metal.

13. A method of protecting a low-k dielectric for electronic device processing, the method
comprising applying an electrical bias to the low-k dielectric while exposing the low-k dielectric
to an inductively coupled plasma effective to generate a protective surface on the low-k dielectric
substantially without heating the low-k dielectric.

14. The method of claim 13, wherein the plasma contains helium.

15. The method of claim 13, wherein the plasma contains argon.

14
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16. The method of claim 13, wherein the plasma contains neon.

17. The method of claim 13, wherein the plasma contains molecular nitrogen.

18. A method of processing a wafer comprising: using a deposition chamber to deposit a carbon
doped silicon oxide low-k dielectric on the wafer and providing a plasma to generate a protective
layer on the low-k dielectric in situ; forming damascene structures in the low-k dielectric;
depositing gapfill copper to fill the damascene structures; using chemical mechanical
planarization to planarize the gapfill copper; using an inductively coupled plasma to generate a
second protective layer on the low-k dielectric; cleaning the surface of the planarized gapfill
copper using an oxygen containing plasma and using a hydrogen containing plasma; and

applying a capping layer to the gapfill copper.

19. The method of claim 18, wherein the capping layer comprises cobalt.

20. The method of claim 18, wherein the capping layer comprises a metallization diffusion

barrier for copper.

21. The method of claim 18, wherein applying the capping layer is accomplished with an

electrochemical process.

22. The method of claim 18, wherein the inductively coupled plasma to generate the second
protective layer on the low-k dielectric uses 200 sccm N,, 20 mTorr, 250 W source RF power at
13.56 MHz, 50 W bias RF power at 13.56 MHz, and the wafer temperature is 20°C while

exposed to the inductively coupled plasma.
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