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PLASMA OXIDATION AND REMOVAL OF OXIDIZED MATERIAL

By Inventors:
Yunsang Kim, Andrew D. Bailey IIl, Hyungsuk Alexander Yoon and
Arthur M. Howald

BACKGROUND OF THE INVENTION

1. Field of the Invention

1] The present invention relates generally to dual damascene semiconductor
manufacturing processes, and more particularly, to methods and systems for planarizing
features and layers and controlling surface roughness in a semiconductor manufacturing

process.
2. Description of the Related Art

2] Dual damascene manufacturing processes are becoming more common in
semiconductor manufacturing. In a typical dual damascene manufacturing process, one or
more conductive materials are deposited in previously patterned trenches and vias formed
in a semiconductor substrate or films formed on the semiconductor substrate to form the
desired electrical circuit interconnects. An excess or overburden portion of the
conductive material is often formed. The overburden portion of the conductive material
is unnecessary and undesirable and must be removed both to produce a damascene feature

and to provide a uniform and planar surface for subsequent processing,

3] The overburden portion of the conductive material is typically removed from the
semiconductor substrate through chemical mechanical polishing (CMP) and electro-
chemical polishing (ECP) (e.g., etching) processes and combinations of CMP and ECP
processes. Each of these processes has significant shortfalls. By way of example, ECP
typically has a relatively low throughput, poor uniformity and inability to effectively

remove non-conductive material.
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[41  CMP requires physical contact processes which typically leave conductive
residues, or cause corrosion of the various materials, or result in non-uniform removal,
and the inability to suitably planarize interconnect and interlevel dielectric (ILD) top
surface. CMP can also cause stress related damage (e.g., interlayer delamination, peeling)
to remaining interconnect and ILD structures. The CMP-caused stress damage is further
exacerbated by the very poor inter-layer adhesion characteristics of the more-recently
used materials. Reducing the physical force of the CMP process to reduce the physical
stress can often result in unacceptably low throughput rates and other poor process

performance parameters.

[5] In view of the foregoing, there is a need for an improved system and method to
remove at least a portion of a layer and to provide a substantially smooth surface while
minimizing physical stress to the remaining features. The improved system and method
should be suitable for use in semiconductor manufacturing and should be applicable to
processes such as a dual damascene process or other semiconductor manufacturing

processes.

SUMMARY OF THE INVENTION

[6] Broadly speaking, the present invention fills these needs by providing a system
and method for etching a conductive layer. It should be appreciated that the present
invention can be implemented in numerous ways, including as a process, an apparatus, a
system, computer readable media, or a device. Several inventive embodiments of the

present invention are described below.

[7] One embodiment provides a method of etching a conductive layer includes
converting at least a portion of the conductive layer and etching the conductive layer to
substantially remove the converted portion of the conductive layer and thereby expose a
remaining surface. The remaining surface has an average surface roughness of less than

about 10 nm.
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[8]1  The conductive layer can include a copper layer or copper alloy layer. Converting
the at least a portion of the conductive layer can include oxidizing the at least a portion of
the conductive layer. Converting the at least a portion of the conductive layer can include

nitriding the at least a portion of the conductive layer.

[91  The conductive layer can be formed on an underlying layer. The underlying layer
can be formed on a substrate. The underlying layer can be a barrier layer. Converting the
at least a portion of the conductive layer can include converting substantially the entire

conductive layer and converting at least a portion of the underlying layer.

[10]  Converting the at least a portion of the conductive layer can occur substantially
simultaneously with etching the conductive layer to substantially remove the converted

portion of the conductive layer.

[11]  Converting the at least a portion of the conductive layer can occur in-situ with
etching the conductive layer to substantially remove the converted portion of the

conductive layer.

[12]  Etching the conductive layer to substantially remove the converted portion of the
conductive layer can include etching with BCl;. Converting the at least a portion of the
conductive layer can include oxidizing the at least a portion of the conductive layer with

an oxidizing mixture including chlorine and oxygen.

[13]  Converting the at least a portion of the conductive layer can include oxidizing the
at least a portion of the conductive layer with an oxidizing mixture including argon and
oxygen. Converting the at least a portion of the conductive layer can include converting
the at least a portion of the conductive layer at a temperature greater than about 200
degrees C. Converting the at least a portion of the conductive layer can include

converting the at least a portion of the conductive layer in a plasma.

[14]  Etching the conductive layer to substantially remove the converted portion of the
conductive layer can include etching the conductive layer at a temperature of less than
about 150 degrees C. Etching the conductive layer to substantially remove the converted
portion of the conductive layer can include etching with a dynamic liquid meniscus.
Etching the conductive layer to substantially remove the converted portion of the

conductive layer can include etching the conductive layer in a plasma.
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[15] The average surface roughness of the remaining surface is less than about 0.04
times a thickness of the converted portion of the conductive layer. Converting the at least
a portion of the conductive layer and etching the conductive layer to substantially remove

the converted portion of the conductive layer occurs substantially simultaneously.

[16]  Another embodiment provides a method of etching a copper layer including
oxidizing at least a portion of the copper layer with a first plasma in a plasma chamber at
a temperature greater than about 200 degrees C. The copper layer is etched to
substantially remove the oxidized portion of the copper layer to expose a remaining
surface. The remaining surface having an average surface roughness of less than about 10
nm. The copper layer is etched with second plasma in the plasma chamber at a

temperature of less than about 100 degrees C.

[17]  Yet another embodiment provides a system for etching a conductive layer. The
system includes a plasma chamber. The plasma chamber capable of enclosing a substrate
and the substrate having an exposed layer of conductive material. The plasma chamber
capable of supporting a first plasma at a temperature of greater than about 200 degrees C.
and a second plasma at less than about 100 degrees C. The system also includes a
converting species source coupled to the plasma chamber and an etching species source
coupled to the plasma chamber. The system also includes a controller coupled to the
plasma chamber. The controller is capable of controlling a flow of the converting species
and the etching species into the plasma chamber. The controller also includes a recipe.

Optionally, the system can also include a dynamic liquid meniscus etch process chamber.

[18]  Other aspects and advantages of the invention will become apparent from the
following detailed description, taken in conjunction with the accompanying drawings,

illustrating by way of example the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[19]1  The present invention will be readily understood by the following detailed

description in conjunction with the accompanying drawings.

[20]  Figure 1A shows a patterned semiconductor substrate in a dual damascene

process, in accordance with one embodiment of the present invention.
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[21] Figure 1B is a cross-sectional view of layers on a semiconductor substrate, in

accordance with one embodiment of the present invention.

[22] Figures 1C and 1D show the cross-sectional view of the layers on the
semiconductor substrate after having a typical etch process applied, in accordance with

one embodiment of the present invention.

[23]  Figures 2A and 2B are cross-sectional views of layers that may be formed on a

semiconductor substrate, in accordance with one embodiment of the present invention.

[24]  Figure 3 is a flowchart of the method operations of converting and etching a

portion of the copper layer, in accordance with one embodiment of the present invention.

[25]  Figure 4 illustrates a proximity head 420 capable of supporting a dynamic liquid

meniscus, in accordance with one embodiment of the present invention.

[26]  Figure 5 is a simplified schematic diagram of a system for etching a conductive

layer, in accordance with an embodiment of the present invention.

[27]  Figures 6A-E show a converting and etching process applied to a pattern plating

process, in accordance with one embodiment of the present invention.

[28]  Figures 7A-E show a converting and etching process applied to a patterning

process, in accordance with one embodiment of the present invention.

DETAILED DESCRIPTION OF THE EXEMPLARY EMBODIMENTS

[29]  Several exemplary embodiments for an improved system and method of etching
copper layers will now be described. It will be apparent to those skilled in the art that the
present invention may be practiced without some or all of the specific details set forth

herein.

[30]  Copper and copper alloys are becoming widely used conductive materials in the
semiconductor manufacturing processes. By way of example, many conductive traces
and vias are used to form interconnects between devices formed in the semiconductor.
Such copper and copper alloy interconnects are often formed in damascene and dual

damascene structures.
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[31] A first layer typically has trenches and via holes formed therein. A conductive
material is then filled into and over the trenches and via holes. As a result, a significant
portion of the conductive material forms an overburden portion that is unevenly
distributed over the trenches and via holes. The overburden portion must be removed to
eliminate undesirable short circuits and to provide a substantially planar surface for a

subsequent semiconductor processes.

[32] Typically, the overburden portion is removed with a CMP process or similar
mechanical means. Unfortunately, as described above, CMP can impart excess stress to
the semiconductor structure and thereby damage the interconnect structures and the

underlying layers.

[33] Various methods of etching and stress-free planarization include receiving a
patterned semiconductor substrate, having a conductive interconnect material filling a
plurality of features in the pattern, the conductive interconnect material having an
overburden portion having a non-uniformity; forming an additional layer on the
overburden portion; and planarizing the additional layer and the overburden portion
without imparting mechanical stress to the plurality of features, the additional layer being
substantially entirely removed in the planarizing process. Forming the additional layer on
the overburden portion can include chemically converting a top surface and a top portion
of the overburden portion. Chemically converting a top surface and a top portion of the
overburden poftion can include exposing the top surface of the overburden portion to a
reactant gas. The reactant gas can be a halogen. The additional layer can be a halide
reactant product of the overburden portion. Planarizing the additional layer and the
overburden portion can include etching the additional layer and at least part of the
overburden portion. Planarizing the additional layer and the overburden portion can
include an iterative process including etching the additional layer, forming a second
additional layer and etching the second additional layer. The iterative process can occur

in situ. The conductive interconnect material can include copper.

[34]  Etching the copper overburden layer can be used to remove and planarize the
overburden copper layer. Unfortunately most prior art copper etching processes cause
excess surface roughness of the copper etch front (i.e., the remaining copper surface).

The excess surface roughness can cause increased device failure probabilities through.
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multiple pathways. By way of example, the excess surface roughness promotes formation
of voids, electro-migration at the barrier or dielectric cap interface, altered resistivity,
excess interconnect and contact resistance at via bottom, to name but a few pathways.
Similar problems can also occur in other etch-back approaches including electro-polish
and CMP.

[35] Figure 1A shows a patterned semiconductor substrate 100 in a dual damascene
process, in accordance with one embodiment of the present invention. The substrate 100
has been patterned as part of the semiconductor manufacturing process such as a dual
damascene manufacturing process. A mask can be used to pattern the substrate 100. The
substrate 100 includes a large, somewhat isolated feature 102 (e.g., trench, via, etc.) a
smaller, somewhat isolated feature 104 and several features 106 that are densely packed
together. A barrier layer 108 is also included. The barrier layer 108 is typically a
different material than the substrate 100 or a conductive interconnect material 120. The
conductive interconnect material 120 can be copper or copper alloy or other suitable

conductive material.

[36] An overburden portion 110 of the conductive interconnect material 120 extends
above the features 102, 104, 106 and includes corresponding localized variations 124,
116, 118 in thickness of the overburden portion 110. As shown, the larger feature 102
has a corresponding larger decrease in the thickness of the overburden portion 110 as
compared to the smaller feature 104, which has a slightly smaller variation in thickness of
the overburden portion 110. The densely packed features 106 have a somewhat increased

thickness of the overburden portion 110.

[37] Typical etch processes etch the overburden portion 112 of the conductive
interconnect material 120 at a fairly uniform rate over the entire wafer area and therefore
the typical etching process will expose the barrier layer 108 near the large feature 102
before the barrier layer 110 near the densely packed features 106 will be exposed. The
overburden portion 112 can be mostly removed and planarized in a stress-free

planarization process as described above.

[38]  Figure 1B is a cross-sectional view of layers 108 and 110 on a semiconductor
substrate 100, in accordance with one embodiment of the present invention. The

substrate 100 has a first, underlying layer 108 (e.g., a barrier layer or the substrate) with a
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copper or copper alloy layer 110 (copper layer 110) formed thereon. The copper layer
110 is formed in multiple crystalline structures 110A-110D. Each of the crystalline
structures 110A-110D has a different grain structure as indicated by the different
directions of cross-hatching. The crystalline structures 110A-110D can also have
boundaries formed between each of the crystalline structures. The underlying layer 108

and the copper layer 110 have a combined thickness of h.

[391 Figures 1C and 1D show the cross-sectional view of the layers 108 and 110 on the
semiconductor substrate 100 after having a typical etch process applied, in accordance
with one embodiment of the present invention. Referring first to Figure 1C, the copper
layer 110 has been etched and the etch process has formed substantial valleys 112 in the
boundaries formed between each of the other crystalline structures 110A-110D. By way
of example, the surface of the copper layer 110 has been etched to a depth of d while the
valleys 112 have been etched an additional depth of about d°. The etching process
aggressively etched the boundaries to form the valleys 112. As a result, the remaining

surface of the copper layer 110 can be excessively rough.

[40] Referring now to Figure 1D, the copper layer 110 has been etched. The etch
process has unevenly etched the different crystalline structures 110A-110D due at least in
part to the different reaction rates between the etchant chemistry and the orientation of the
crystalline structures 110A-110D. As a result, the surface of the copper layer 110 has
been etched to a depth of d while the valleys 114 have been etched an additional depth of
about d”. The valleys 114 are formed by the faster first etching rate between the etchant
chemistry and the crystalline structures 110A as compared to the slower second etching
rate between the etchant chemistry and the crystalline structures 110B and 110C. Asa

result, the remaining surface of the copper layer 110 can be excessively rough.

[41] The excess roughening of the remaining surface of the copper layer 110 can also
be caused by a combination of the etchant chemistry etching the boundaries (i.e., as
described in Figure 1C) and unevenly etching the different crystalline structures 110A-
110D. Typical excess roughness is in the range of about 10 to about 100 nm after

conventional plasma etch back process. A desirable roughness is less than about 10 nm.
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[42] A plasma conversion and removal of the resulting copper compounds can be used
to substantially eliminate the excess surface roughness. The plasma conversion and
removal process is a stress free process and therefore eliminates stress related issues such
as delamination or via pull out at the barrier/dielectric interface typically encountered in

conventional CMP.

[43] Figures 2A and 2B are cross-sectional views of layers 108 and 110 that may be
formed on a semiconductor substrate 200, in accordance with one embodiment of the
present invention. Figure 3 is a flowchart of the method operations 300 of converting and
etching a portion of the copper layer 110, in accordance with one embodiment of the
present invention. As shown in Figure 2A and in an operation 305, a portion 202 of the
surface of the copper layer 110 can be converted to a more uniform material. The portion
202 of the surface of the copper layer 110 can be converted to a halide product as

described above.

[44] By way of example, the portion 202 of the surface of the copper layer 110 can be
converted to a copper oxide or a copper nitride and combinations thereof. As the entire
portion 202 substantially consists of a single, uniform material, there are no different
orientation crystalline grain structures that have different orientations (e.g., different
crystalline structures 110A-110D of Figures 1A-1C above). As a result, a subsequent

etch process can provide a more uniform etch rate and more uniform etch results.

[45]  Referring again to Figure 1A above, if the barrier layer 108 is a conductive
material, then the barrier layer 108 can provide an electrical path between features 102
and 104, as a result, it is often desirable to remove the barrier layer 108. The conversion
process 305 can also include converting at least a portion of the underlying layer 108. By
way of example, the underlying layer 108 can be a barrier layer. The barrier layer 108 can
also be converted to an oxide or nitride so that both the entire converted copper layer 110
and the converted barrier layer 108 can be removed in a single subsequent etching
process. Alternatively, the barrier layer 108 can be converted and removed after the

copper layer 110 has been removed.

[46] In yet another alternative, the converting process of operation 305 can be selective
to the barrier layer 108. By way of example, the conductive layer 110 can be copper and

the barrier layer 108 can be Tantalum (Ta), Tantalum-Nitride (TaN), Titanium (Ti) or
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Titanium nitride (TiN) or other suitable material or compounds thereof. The converting
process of operation 305 would convert the copper layer 110 down to the barrier layer 108
and then stop due to the converting chemistry used to convert the copper layer having a

substantially slower reaction rate (e.g., about 10:1) as compared to the copper.

[47] The conversion process 305 can include exposing the copper layer 110 to a
mixture of Chlorine and Oxygen. By way of example, the mixture of Chlorine and
Oxygen can include about 50% Chlorine and about 50% Oxygen. Alternatively, the
conversion process 305 can include exposing the copper layer 110 to a mixture of about
50% Argon and about 50% Oxygen. Alternatively, the conversion process 305 can
include exposing the copper layer 110 to a mixture of about 50% Argon and about 50%
Nitrogen. One or more of Xenon, Hydrogen (Hy), Chlorine (Cl,), Bromine (Br,) and
hydrochloric acid (HCI) can also be mixed with Oxygen in the conversion process 305.
In yet another alternative, the conversion process 305 can include exposing the copper
layer 110 to one or more of Carbon monoxide (CO), Carbon dioxide (CO,) or Nitrous

oxide (N20) to convert the copper layer 110.

[48]  The conversion process 305 may be performed with a plasma. Alternatively, the
conversion process 305 may be performed without a plasma. The conversion process 305
can be performed at a temperature of between less than about -20 degrees C and greater
than about 300 degrees C. The conversion process 305 can be performed in any suitable
process chamber. By way of example the conversion process 305 can be performed
within a capacitive or inductively coupled plasma chamber operated at a frequency of
between less than about 2 MHz and greater than about 27 MHz. The conversion process
305 can be performed within a plasma chamber such as described in U.S. Patent
Application No. 10/744,355 filed on December 22, 2003 and entitled "Small Volume
Process Chamber with Hot Inner Surfaces," by Bailey III et al., which is incorporated

herein by reference in its entirety.

[49] The conversion process 305 may be performed at a pressure of between about 1
mTorr to about 1 Torr. The conversion process 305 may require between less than about
20 seconds to more than about 1 minute. The conversion process 305 can convert
between less than about 100 nm and more than about 1500 nm of the top surface of the

copper layer 110.
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[50]1 Asshown in Figure 2B and in an operation 310, the converted portion 202 of the
surface of the copper layer 110 can be removed in an etch process. The etch process 310
leaves a substantially smooth surface 204 of the copper layer 110 (i.e., the surface 204 has
an average surface roughness of less than about 10 nm). An average surface roughness is
defined as the average difference between the peaks and valleys in a 35 micron X 35
micron area of the surface 204. The etch process 310 can be performed at a temperature

of between less than about -20 degrees C and greater than about 300 degrees C.

[S1] The etch process 310 can be a wet etch or a plasma etch. By way of example, the
etch process 310 can be performed in-situ in the same plasma chamber in which the
conversion process 305 was performed in. Alternatively, the etch process 310 can be a
wet etch performed in a wet etch in an etch tank as is well known in the art. The wet etch

can also be performed by a dynamic liquid meniscus as described in Figure 4 below.

[52] The etch process 310 can be selective to the underlying, non-converted portion of
the conductive layer 110. By way of example, if the converted portion 202 is converted
to copper oxide and the remaining copper layer remains, then a selected etchant chemistry
can remove the copper oxide while not substantially etching the remaining copper. An
etching chemistry including BCl; is selective 10:1 copper oxide to elemental copper. The
etching chemistry including BCl; can include a mixture of Argon and BCl;. By way of
example a etchant chemistry including BCl; can etch copper oxide at a rate of between
about 400 and about 700 nm per minute and an etch rate of elemental copper of only
about 60 nm per minute. Alternatively, the etching chemistry can be selective to the

barrier layer 108.

[S3] In one or more of the above-described embodiments, the average surface
roughness of the remaining surface can be a function of the thickness of the converted
portion of the conductive layer. By way of example, if the desired thickness of the
conductive layer to be removed is about 250 nm, then the Ar/O; process described above
can result in the remaining surface having a surface roughness of about 10nm. Restated,
the average surface roughness is less than about 0.04 times a thickness of the converted

portion of the conductive layer in the Ar/O, process.

[S4] The conversion process 305 and etching process 310 can be used iteratively to

gradually convert and etch away consecutive portions of the copper 110.
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[55] The etching process 310 can include etching the converted copper with one or
more concentrations of BCl;. By way of example, the BCl; can be between about 10% to
about 100% of the BCls/Argon mixture during the etching process 310. The substrate
100 can also be heated to a temperature of greater than about 250 degrees C during the
etching process 310. By way of example, a chuck can both support and heat the substrate
100 during the etching process 310. The etching process 310 can have an etching rate of

about 100 to about 700 nm per minute.

[S6] The conversion process 305 and etching process 310 can also be substantially
simultaneously. By way of example, exposing the copper layer 110 to an about 50%
Argon and about 50% Oxygen mixture at about 20 degrees C will cause the surface to the
converted and etched away substantially simultaneously. Alternatively, the Argon and
Oxygen mixture can include of a range of concentrations including between about 2 to
about 100% Oxygen and between about 98 to about 0% Argon. The conversion process
305 can occur within a range of less than about —20 degrees C to greater than about 300
degrees C. The substantially simultaneous conversion and etching processes can convert

and remove about 10 nm to about 200 nm per minute.

[S7]  The conversion process 305 and the etching process 310 can be performed at
different temperatures and pressures in-situ. By way of example, the conversion process
305 can be applied at temperatures greater than about 200 degrees C and the etching
process 310 can be applied at temperatures less than about 100 degrees C. This variation
in temperatures can substantially reduce any copper agglomeration of very thin layers of

copper such as may be remaining after the bulk of the overburden 110 has been removed.

[58] The etching process 310 can also include an about 10% to about 100% BCls
Argon mixture with a pressure of between about 5 mT to about 100 mT and at a
temperature of less than about 100 degrees C. The plasma can be generated with a top
power of between about 500W to about 2000W and a chuck bias of between about 100W
and about 1000W.

[591 Figure 4 illustrates a proximity head 420 capable of supporting a dynamic liquid
meniscus 416, in accordance with one embodiment of the present invention. The
proximity head 420, in one embodiment, moves while in close proximity to the top

surface 430a of the wafer 400 to conduct a cleaning, drying, etching or other processing
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operation. It should be appreciated that the proximity head 430 may also be utilized to
process (e.g., clean, dry, etch, etc.) the bottom surface 430b of the wafer 400. In one
embodiment, the wafer 400 is rotating so the proximity head 420 may be moved in a
linear fashion across the surface 430a of the wafer 400. As the proximity head is moved
across the surface 430a of the wafer 400, the dynamic liquid meniscus 416 is also drawn
across the surface 430a. In this manner the dynamic liquid meniscus 416 can be moved
across the surface 430a of the wafer 400. As the dynamic liquid meniscus 416 can be
moved across the surface 430a of the wafer 400 substantially all of the fluid, particles and
other loose materials are drawn off of the surface 430a. In this way, the dynamic liquid

meniscus 416 substantially dries the surface 430a.

[60] The dynamic liquid meniscus 416 is formed in a relatively narrow space between
the surface 430a of the wafer 400 and the proximity head 420. The dynamic liquid
meniscus 416 is formed by a vacuum 412 through source outlet 404 and a fluid 414 (e.g.,
deionized water, etchant chemistry, etc.) through the source inlet 406. IPA (isopropyl
alcohol) 410 can be added through inlet ports 402 to assist the formation of the dynamic
liquid meniscus 416. The IPA 410 reinforces the edges of the dynamic liquid meniscus
416.

[61] The dynamic liquid meniscus 416 can support any one or more of several
processes. By way of example, if an etching chemistry 416 is used to form the dynamic
liquid meniscus 416, then the dynamic liquid meniscus can support an etching process
that can be focused on a particular location and/or conducted across the entire surface
430a. Similarly, a rinsing fluid (e.g., deionized water) can be used to form the dynamic

liquid meniscus 416 and rinse and dry the surface 430a in a single pass.

[62] Figure 5 is a simplified schematic diagram of a system 500 for etching a
conductive layer, in accordance with an embodiment of the present invention. The
system 500 includes a first process chamber 502. The first process chamber 502 can be a
plasma chamber as described above. The system 500 also includes a controller 510 that is
coupled to and capable of controlling the process chamber 502. The controller 510
includes a recipe 512. The recipe 512 includes all of the operating parameters of the first
process chamber 502 (e.g., temperatures, pressures, flow rates, process gases, timing,

sequencing, etc.) as may be desired to operate the process chamber. By way of example
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the recipe 512 can define the flow rate and pressure of a converting species (or
combination of species) from one or more converting species sources 504 that are coupled
to the first process chamber 502. Further, the recipe 512 can define the flow rate and
pressure of an etching species (or combination of species) from one or more etching

species sources 506 that are coupled to the first process chamber 502.

[63] The system 500 can also include a second process chamber 520. The second
process chamber 520 can be an etch chamber such as a wet etch process chamber or a
process chamber for a dynamic liquid meniscus. The second process chamber 520 can

also be a separate plasma chamber for performing a plasma etch as described above.

[64] The above embodiments of converting and etching one or more conductive layers
(e.g., a copper layer and/or a barrier underlying layer) have been described in the
exemplary context of a copper-etch back process. It should be understood that
substantially similar process could also be applied to a pattern plating process and a

patterning process.

[65] Figures 6A-E show a converting and etching process applied to a pattern plating
process, in accordance with one embodiment of the present invention. Referring first to
Figure 6A, a substrate 602 has a first layer 604 formed thereon. A seed layer 606 is
formed on the first layer 604. The seed layer can be a relatively thin layer of the material
(e.g., copper) that will be formed in the pattern as shown in Figure 6B. A pattern 608 is
formed by a patterning technique. The pattern 608 can be formed in a photoresist

material.

[66] Referring now to Figure 6B a layer of copper 610 has been deposited in the pattern
608. The seed layer assists the adhesion of the copper layer 610. As shown in Figure 6C,
the pattern 608 has been removed. The pattern 608 can be removed by any suitable
method. By way of example, the photoresist material forming the pattern 608 can be
removed by exposing the photoresist to the appropriate wavelength of light and then
removed in a rinsing/cleaning process. Removing the pattern 608 leaves a pattern of
spaces 608A between the copper layer 610 segments. As the photoresist 608 has been

removed, portions of the underlying seed layer 606 is again exposed.
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[67]1 Referring now to Figure 6D, the conversion process described in Figures 2A-3
above can be applied to convert (e.g. oxidize or nitride) a relatively thin top layer 610A of
the copper 610. The exposed portions 606A of the seed layer 606 can also be converted
(e.g. oxidized or nitrided) by the conversion process described in Figures 2A-3 above.
The exposed portions 606A of the seed layer 606 can be converted substantially

simultaneously as the relatively thin top layer 610A of the copper 610 is converted.

[68] Turning now to Figure 6E, the etching process has removed the converted
relatively thin top layer 610A and the converted portions 606A of the seed layer 606. As
a result, the pattern of spaces 608B between the copper layer 610 segments extends
through to the first layer 604. Removing the converted portions 606A of the seed layer
606 removes undesirable conductive interconnects between the copper layer 610

segments.

[69]1 Figures 7A-E show a converting and etching process applied to a patterning
process, in accordance with one embodiment of the present invention. Referring now to
Figure 7A, a substrate 702 has a first layer 704 formed thereon. A seed layer 706 is
formed on the first layer 704. A conductive layer 708 is formed on the seed layer 706.
The seed layer 706 can be a relatively thin layer of the material (e.g., copper) of the
conductive layer 708. The seed layer 706 can be any other suitable material. The seed
layer 706 can assist the adhesion of the copper layer 708. A pattern 710 is formed by a

patterning technique. The pattern 710 can be a hard mask.

[70] Referring now to Figure 7B the portions 708A of the conductive layer 708 that are
not covered by the pattern 710 are converted (e.g. oxidize or nitride) as described in
Figures 2A-3 above. As shown in Figure 7C, the pattern 710 has been removed. The
pattern 710 can be removed by any suitable method. By way of example, the hard mask

material forming the pattern 710 can be removed by chemical mechanical polishing
(CMP).

[71]  Referring now to Figure 7D, the etching process described in Figures 2A-3 above
can be used to remove the converted (e.g. oxidized or nitrided) portions 708A of the
conductive layer 708. Removing the converted portions 708A of the conductive layer 708

can expose portions of the seed layer 706.
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[72] Referring now to Figure 7E, the exposed portions 706A of the seed layer 706 can
also be converted (e.g. oxidized or nitrided) by the conversion process described in
Figures 2A-3 above. The exposed portions 706A of the seed layer 706 can be converted
substantially simultaneously as the converted portions 708A of the conductive layer 708
is converted. The converted portions 706A of the seed layer 706 can be removed as
described above in Figure 6E. Removing the converted portions 706A of the seed layer
706 removes undesirable conductive interconnects between the copper layer 708A

segments.

[73]1 Any of the operations described herein that form part of the invention are useful
machine operations. The invention also relates to a device or an apparatus for performing
these operations. The apparatus may be specially constructed for the required purposes,
or it may be a general-purpose computer selectively activated or configured by a computer
program stored in the computer. In particular, various general-purpose machines may be
used with computer programs written in accordance with the teachings herein, or it may
be more convenient to construct a more specialized apparatus to perform the required

operations.

[74] The invention can also be embodied as computer readable code on a computer
readable medium. The computer readable medium is any data storage device that can
store data which can thereafter be read by a computer system. Examples of the computer
readable medium include hard drives, network attached storage (NAS), read-only
memory, random-access memory, CD-ROMs, CD-Rs, CD-RWs, magnetic tapes, and
other optical and non-optical data storage devices. The computer readable medium can
also be distributed over a network coupled computer systems so that the computer

readable code is stored and executed in a distributed fashion.

[75] It will be further appreciated that the instructions represented by the operations in
the above figures are not required to be performed in the order illustrated, and that all the
processing represented by the operations may not be necessary to practice the invention.
Further, the processes described in any of the above figures can also be implemented in
software stored in any one of or combinations of the RAM, the ROM, or the hard disk

drive.
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[76] Although the foregoing invention has been described in some detail for purposes
of clarity of understanding, it will be apparent that certain changes and modifications may
be practiced within the scope of the appended claims. Accordingly, the present
embodiments are to be considered as illustrative and not restrictive, and the invention is
not to be limited to the details given herein, but may be modified within the scope and
equivalents of the appended claims.

What is claimed is:
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Claims
1. A method of etching a conductive layer comprising:
converting at least a portion of the conductive layer; and
etching the conductive layer to substantially remove the converted portion of the
conductive layer to expose a remaining surface, the remaining surface having an average

surface roughness of less than about 10 nm.

2. The method of claim 1, wherein the conductive layer includes a copper layer or
copper alloy layer.
3. The method of claim 1, wherein converting the at least a portion of the conductive

layer includes oxidizing the at least a portion of the conductive layer.

4. The method of claim 1, wherein converting the at least a portion of the conductive

layer includes nitriding the at least a portion of the conductive layer

5. The method of claim 1, wherein the conductive layer is formed on an underlying

layer, the underlying layer being formed on a substrate.

6. The method of claim 5, wherein the underlying layer is a barrier layer.

7. The method of claim 5, wherein converting the at least a portion of the conductive
layer includes converting substantially the entire conductive layer and converting at least

a portion of the underlying layer.

8. The method of claim 1, wherein converting the at least a portion of the conductive
layer and etching the conductive layer to substantially remove the converted portion of the

conductive layer occurs substantially simultaneously.

9. The method of claim 1, wherein converting the at least a portion of the conductive
layer and etching the conductive layer to substantially remove the converted portion of the

conductive layer occur in-situ.
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10.  The method of claim 1, wherein etching the conductive layer to substantially

remove the converted portion of the conductive layer includes etching with BCls.

11.  The method of claim 1, wherein converting the at least a portion of the conductive
layer includes oxidizing the at least a portion of the conductive layer with an oxidizing

mixture including chlorine and oxygen.

12.  The method of claim 1, wherein converting the at least a portion of the conductive
layer includes oxidizing the at least a portion of the conductive layer with an oxidizing

mixture including argon and oxygen.

13.  The method of claim 1, wherein converting the at least a portion of the conductive
layer includes converting the at least a portion of the conductive layer at a temperature

greater than about 200 degrees C.

14.  The method of claim 1, wherein converting the at least a portion of the conductive

layer includes converting the at least a portion of the conductive layer in a plasma.

15.  The method of claim 1, wherein etching the conductive layer to substantially
remove the converted portion of the conductive layer includes etching the conductive

layer at a temperature of less than about 150 degrees C.

16.  The method of claim 1, wherein etching the conductive layer to substantially
remove the converted portion of the conductive layer includes etching with a dynamic

liquid meniscus.

17.  The method of claim 1, wherein etching the conductive layer to substantially
remove the converted portion of the conductive layer includes etching the conductive

layer in a plasma.
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18.  The method of claim 1, wherein the average surface roughness of the remaining
surface is less than about 0.04 times a thickness of the converted portion of the

conductive layer.

19.  The method of claim 18, converting the at least a portion of the conductive layer
and etching the conductive layer to substantially remove the converted portion of the

conductive layer occurs substantially simultaneously.

20. A method of etching a copper layer comprising:

oxidizing at least a portion of the copper layer with a first plasma in a plasma
chamber and at a temperature greater than about 200 degrees C; and

etching the copper layer to substantially remove the oxidized portion of the copper
layer to expose a remaining surface, the remaining surface having an average surface
roughness of less than about 10 nm, wherein the copper layer is etched with second

plasma in the plasma chamber at a temperature of less than about 100 degrees C.

21. A system for etching a conductive layer comprising:

a plasma chamber, the plasma chamber capable of enclosing a substrate, the
substrate having an exposed layer of conductive material, the plasma chamber capable of
supporting a first plasma at a temperature of greater than about 200 degrees C. and a
second plasma at less than about 100 degrees C;

a converting species source coupled to the plasma chamber;

an etching species source coupled to the plasma chamber; and

a controller coupled to the plasma chamber, the controller capable to control a
flow of the converting species and the etching species into the plasma chamber, the

controller including a recipe.

22.  The system of claim 21 further comprising a dynamic liquid meniscus etch

process chamber.
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