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ARNISOTROPIC ETCH OF COPPER USING PASSIVATION
BACKGROUND OF THE INVENTION
FIELD OF THE INVENTION
The present invention relates generally to a method and an apparatus for etching
copper (Cu), and more particularly {o anisotropic etching of copper using passivaiion,
DESCRIPTION OF BACKGROUND ART

Copper (Cu) is emerging as the metal of choice in a wide variety of
semiconductor applications.  Lower electrical resistivity, coupled with improved
slectromigration performance and increased stress migration resistance are important
material properties that favor the use of Cu over aluminum (Al) in interconnect lines and
contacts. The lower clecirical resistance allows signals to move faster by reducing the RC
time delay. The superior resistance to electromigration, a common rehability problen: in Al
lines, means that Cu can handle higher power densities.

The capability to process substrates anisotropically permits the production of
mtegrated circuit features at precisely defined locations with sidewalls that are essentially
perpendicular to the surface of a masked overlayer Anisotrapic cich of Al by reactive ion
¢tching (RIE) is well developed.  For example, use of a chloride to form aluminum
chloride as a by-product of the etch reaction provides good results at low temperatures,
However, Cu s more difficalt to eich because copper chloride forms at moach higher
temperatures than alominum chloride.  Thus, the introdaction of Cu into multilevel
metallization architecture has led to new processing methods for Cy patterning, such as
the damascene approach.

The damascene approach is based on eiching features in a dicleciric material,
filling such features with Cu metal, and chemically and physically polishing the Cu thin
film by using a CMP method while leaving Co only in the grooves. Dual damascene

schemes integrate both the contacts and the intercommnect lines info a single processing
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scheme. However, the damascene method includes complicated processes which make it
difficult to define extremely fine features, and CMP suffers from yield-detracting
problems of scratching, peeling, dishing and erosion.  Further, overwhelming electron
scattering at copper grain boundaries from the standard plating-CKP steps will likely have
an adverse effect on transistor speed due to its resultant RC delay in the post ~ 14nm
generation technology (1.e., line width regime less than 30nm}. Thus, continued use of
the damascene process for Cu patterning is unlikely and there is a need to develop
improved reliable Cu etch technigues (as in the case of Al) for next generation device
fabrication.

It is also expected that after dry etching copper of a large number of wafers, the
chamber condition méy become severely altered. As such, chamber stability is expected to
suffer and the etching results are expected to drift. Thus, there is also a need to clean off

the Cu deposits on the surfaces of the chamber parts, restoring the proper seasoning

l condition of the chamber.

SUMMARY OF THE INVENTION

Embodiments of the present invention seek to provide a method and an apparatus
for anisotropic dry etching of pure Cu layers and Cu-containing layers used in integrated
circuits.

According to a first aspect of the present invention, there is provided a method for
anisotropically etching a feature in a Cu~containing layer includes providing a substrate
having a Cu~containing layer and a patterned etch mask formed on the Cu-containing layer
such that an exposed Cu-containing layer is exposed to processing through the patterned
etch mask, passivating a first surface of the exposed Cu-containing layer, and inhibiting
passivation of a second surface of the Cu-containing layer. A Cu compound is formed on
said second surface of the Cu-containing layer, and the Cu compound is removed from the
second surface of the Cu-containing layer to anisotropically stch a feature in the Cu-

containing layer.
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Another aspect of the invention is a method for etching a Cu-containing layer on
a substrate, which includes loading a substrate into a plasma processing chamber having a
plasma source and a substrate holder, the substrate having a Cu-containing layer and a
patterned eteh mask formed thereupon. A passivation gas is infroduced into the plasma
processing chamber, the passivation gas forming a passivation layer on exposed surfaces
of the Cu-containing layer, and a reacting gas is introduced into the plasma processing
chamber, the reacting gas forming a first Cu-containing compound on exposed surfaces of
features formed in the Cu-containing layer. The method includes infroducing a reducing
gas into the plasma processing chamber, the reducing gas reacting with the first Cu-
containing compound to form a volatile Cu-containing compound, energizing a plasma in
the plasma processing chamber, by applying at least one of DC, RF, or microwave power,
to the plasma source, and applying RF bias to the substrate holder.  The volatile Cu-
containing compound is pumped from the plasma processing chamber, to form a pattern in
the Cu-containing layer.

Still another aspect is a method for chamber cleaming. The method includes
providing a plasma processing chamber having a plasma source and a substrate holder, the
interior surfaces of the plasma processing chamber having a Cu-containing layer deposited
thereon, and introducing a reacting gas into the plasma processing chamber, the reacting
gas forming a first Cu~containing compound in the Cu-containing layer on the interior
surfaces. A reducing gas is introduced into the plasma processing chamber, the reducing
gas reacting with the first Cu-containing compound to form a volatile Cu-containing
compound. A plasma is energized in the plasma processing chamber, by applying at least
one of DC, RF, or microwave power, to the plasma source, and the volatile Cu-containing
compound is pumped from the plasma processing chamber, to remove the Cu-containing

layer from the interior surfaces.
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BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the invention and many of the attendant
advantages thereof will be readily obtained as the same becomes better understood by
reference to the following detailed description when considered in connection with the
accompanying drawings, wherein:

F1G. 1 18 a flowchart depicting a method for etching a feature in 8 Cu-containing
layer in accordance with embodiments of the present invention;

FIGS. 2A-2D show a schematic cross-sectional representation of anisotropic
etehing of Cu-containing layers in accordance with embodiments of the present tnvention;

FIG 3 schematically illustrates characteristics of the etching process that allows for
anisotropic ctehing of Cu-containing layers in accordance with embodiments of the
mvention;

FIG. 4 s a schematic representation of a RLSA™ plasma source that may be used
to generate a diffusion plasma according to embodiments of the invention;

FIG. 5 depicts a plasma processing sysiem for etching a Cu-containing layer
according to embodiments;

FIG. 6 dlustrates another example plasma processing system for etehing a Cu-
containing layer according to embodiments;

FIG. 7 depicts a plasma processing system, including maguetic field system, for
etching a Cu-containing layer according to embodiments;

FIG § depicts a plasma processing system, including RF power o upper electrode,
for etching a Cu-containing layer according to embodiments;

FIG. 9 depicts a plasma processing systens, including an inductive coil, for etching
a Cu-containing layer according 1o embodiments;

FIG. 10 depicts a plasma processing system, including a second RF generator to
couple RF power to substrate helder, for eiching a Cu-containing layer according to

embodiments;
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FIG. 1Y provides a flow chart illustrating a method for etching a Cu containing
layer according fo an embodiment of the invention; and

FIG. 12 illostrates an example organic compound sapply unit that may be used in
accordance with embodiments of the invention,

DETAILED DESCRIPTION OF THE EMBODIMENTS

The embodiments will now be described with reference to the accompanying
drawings, wherein like reference nmumerals designate corresponding or identical elements
throughout the various drawings.

As noted in the backgroond, there is a need to develop reliable techniques for
patiern eiching of Cu layers.  The eteh process generally involves providing a patterned
hard mask or photoresist over a Cu-comtaining laver (which includes a pure Cu layer) and
etehing exposed portions of the Cu-containing layer through the mask.

A fluorine-copper etch system may be used because the F-Cu compound 1s stable
and flooride film thickness saturates at a very thin level (e.g., ~ Inm 10 the most, fow nms).
Further, there is no F diffusion into the Cu bulk during subsequent wafer tabrication steps,
However, the present inventors have recognized that F-Cu compounds are too non-volatile
for RIE-base eiching processes.  While higher halides (>F) such as Cl are volatile for RIE
at elevated wafer temperatures, the present inventors also recognized that the non-
saturating nature of the chloride permits C1 diffusion fnto the Cu bolk making €1 based
etehing of Cu tmpractical for manufacturing,

Two step plasma ciching processes have also been developed for etch of Cu. For
cxample, a first step includes using Cl-based plasmas to convert Cu to CuCly compounds
and then using either wet chemical solutions 1o remove CuCl compounds Y. Kuo and §.
Lee, ECS Proc. 99-30, 328, 1999] or using Ch plasma exposures to first form CuCl then
volatilized as CipyCliby T, plasma treatments at room temperatore {Fangye W, Galit
Levitin, and Dennis W. Hegs, J. Electrochem. Soc., Vol 157, issue 4, pp H474-H478

2010Y].  The entire confents of these document sis incorporated herein by reference.
Y

%)
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However, 2 main issue with Cl-based plasma etching is Critical Dimension (CD)
controliability or the so called Line Edge/Width Roughness (LER or LWR) issues as
technology nodes advance to the deep-nm regime.

The aforementioned Himitations that are encountered when etching Cu-containing
layers using conventional chlorine chemisiry, show that there is a need for new low
temperature dry eiching methods in semiconductor manufaciuring using chemical
approaches that do not involve chlorine-based reactants.

In general, embodiments of the present invention pertain to 8 method and apparatus
for etching a Cu-containing layer (which includes pure Cu layers) in manufacturing
integrated circuits.

FIG. 1 15 a flowchart depicting a method for etching a feature in a Co-containing
layer in accordance with embodiments of the present invention.  As seen, step 102
includes providing 4 substrate including 2 Cu-containing layer and an etch mask formed
on the Cu-containing layer and which exposes a portion of the Cu-containing layer. In
step 104, a first surface of the exposed Cu-containing layver is passivated, while in step
106, passivation is inhibited on 3 second surface of the exposed Cu-containing layer. In
step 108, a Cu-compound is formed on the sccond surface of the Cu-containing layer.

The Cu compound 15 then removed from the second surface to anisotropically etch the Cu-
containing layer as seen in step 110,

FIGS. 2A-2D show a schematic cross-sectional representation of anisotropic
etehing of Cu-containing lavers in accordance with embodiments of the present invention,
FIG. 2A shows a partially completed integrated circuit. The segment 200 comprises a
substrate 210, a Cu-containing layer 220, and 2 hardmask or photoresist material 230
comipletes the structure. In order to achieve anisotropic etching of a Cu-containing layer, a
resist or hardmask material overlying the Cu-containing layer is required that is resistant to
the etch process performed on the Cu-containing layer. The segment 200 in FIG. 2A is

processed using conventional patterning racthods known in the art to produce the
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patterned mask layer 230° in FIG. ZB. Further, auisotropic etching of the structure in FIG.
2B according to the present invention etches the Co-containing layer 220 while preserving
the vertical geometry of the structure defingd by the mask pattern 23(, forming the
structure 250 shown in FIG. 2C. Coutinued processing, as is conventional in the art, may
remove the remaining photoresist or hardmask pattern 230°, resulting in patterned Cu-
containing layer having feature 260 ag shows in FIG. 2D,

FIG 3 schematically ifhustrates characteristics of the etching process that allows for
anisotropic etching of Cu-containing layers in accordance with example embodiments of
the invention.  As noted in FIG. 1, the process beging in step 102 with providing a
substrato having a masked Cu-containing layer.  In particular, the substrate is loaded on a
substrate holder n 2 plasma processing chamber to perform the anisotropic steh process,
The plasma etcher can be of any type which is capable of applving bias to the substrate
holder, such as those discussed in Figs. 4-10 below.  The segment 300 in FIG. 3 shows a
partially completed integrated circuit that includes a Ca-containing layer 320 overlaying
substrate 310, and mask patiern 330 overlying the Cu-containing layer 320, In general,
any suitable mask materials could be considered, such as a simple hard mask.

Anisotropic etching of the structure in F1G. 3 removes the Cu-containing fayer 320 while
preserving the vertical geometry of the structure defined by the photoresist pattern 330,

The pagsivating step 104 in FIG 1 is performed by introducing a passivation gas
into the plasma processing chamber.  As seen in FIG. 3, passivation gas molecules 345
are provided 10 the exposed (tmmasked) Co-containing layer and form a passivated sorface
340, Tn the embodinent of FIG 3, the passivated surface is on veriical sidewalls of a
feature in the Cu-containing layer 320,  Passtvation may occur by either deposition on the
Cu-containing laver or by growing a Cu compound on the Cu-containing laver, as will be
further discussed below.

The passivation gas 345 is also provided to a bottom surface of the feature in the

Cu-containing layer 320, but passivation of this surface is inhibited (step 106 in FIG, 11,
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More specifically, a plasma is formed in the processing chamber, and a bias on the
substrate holder directs plasma ions 355 along arrow 350 toward the substrate.  The
directional ions 355 strike the bottom (horizontal) surface of the etch feature with
sufficient encrgy to remove any passivation material thercon, but do not have this removal
cffect on passivation surface 340, The directional ions 355 may be reactive gas ions or
inert gas ions.  Reactive ton etching RIE, ion assisted etching or both RIE and ion
assisted etching are used to keep the feature bottom clean of passivation material in
accordance with embodiments of the invention.

A Cu-compound is formed on the unpassivated surface (stepl108 of FIG 1) by
intreducing a reacting gas into the plasma processing chamber.  As seen in FIG 3,
reacting gas molecules 365 form a Cu-compound layer 360 on the non-passivated bottorn
surface of the feature, while the gas molecules 365 are umable to form a Cu-compound on
passivated sidewalls 340, The reactive gas molecnles can be neutral or ionized.  Inome
embodiment an oxygen plasma is formed to provide energetic ions for keeping the feature
bottom clean, and also to provide reactive oxygen for forming Cu,O on the feature botiom.
That is, in one embodiment, 8 plasma provides directional tons 355 which are 1ong of the
reacting gas 365.

Aveducing gas is inroduced tnio the chamber to remove the Cu-compound 360
thereby anisotropically etehing the Cu-containing layer {step 110 in FIG. 1), Asseenin
FIG. 3, the Cu-compound layer 360 is exposed to reducing gas molecules 375, which
causes a reduciion reaction 370 to remove the Cu compound layer.  Specifically, the
reducing gas molecules 375 react with the Cu-containing compound to form a volatile Cu-
containing compound 385 which is then removed from the plasma processing chamber to
eteh the feature in the Cu-containing laver 320, Eich of the Cu-compound 360 and the
Cu-containing layer 320 may oceur by Spontaneous Anisotropic Etching (SAE) or
Reactive Ton Etching (RIE) or both,  The reduction gas molecule 375 is inactive towards

the sidewall pagsivant 340 made from passivation gas moleculs 345,
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In one embodiment, O assumes the role of the reacting molecule and SAE of the
Cu-comfaining layer is performéd in an Op-base plasma. A hardmask (e.g., TiN, 810,
SiaNy, ete.) is generally used as the magking method for O plasma.  For example, a feed-
gas into the processing may chamber can include 2 passivation gas, plus O, gas, plus a
reduction gas.  An incrt gas such as Ar is an optional additive. Oy (with or without Ar)
through RIE or ton-assisted ctching keeps the feature-bottom free of the sidewall passivant
made from passivation gas molecule leaving only Cux( at the feature-bottom, While the
Cu sidewall is protected by the passivant made from pessivation gas molecule, CuxO
reacts spontaneously with the reduction gas molecule forming a volatile Co compound
etch product, exposing a clean Cu feature-bottom ready for the subsequent formation of
CuxQ and followed by s spontancous “eiching™ by the reduction gas molecule.

The reduction gas is preferably an organic compound gas.  As for the organic
compound, it is preferable to use one that can be supplied as it is or in a gaseous state by
heating to the plasma processing system maintained in 8 vacuum state. Typically, an
organic acid is used. As for the organic acid, it is preferable to use a carboxylic acid
represented by an aeetic acid (general formula: R-COCH, R being hydrogen or straight-
chain or branched-chain alky! or alkenyl of C1 1o C20, preferably methyl, ether, propyl,
butyl, pentyl, or hexyl). The carboxylic acid other than the acetic acid may include formic
acid (FICOQOH), propionic acid (CHCH.COOH), butyric acid (CHy(CHL),COOH), valeric
acid (CHL{CH, 1COOH) or the like. Among the carboxylic acids, the formic acid, the
acetic acid, and the propionic acid are more preferably used.

When the organic compound is acetic acid, the reaction between copper oxide and
acetic acid is accelerated, and volatile Cu{(CHLCOO) and HzO are generated. As a
consequence, copper oxide molecules are separated from the Cu film. The same reaction
ocowrs in the case of using another organic compound (organic acid) such as formic acid
or propionic acid other than acetic acid. As a result, the Cu film is etched.  Thus, a non-

chiorine (non-bromine as well) based ion assisted or RIE methodology for Cu plasma
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etching is provided.

In another embodiment, CH;COOH assumes the role of the reduction gas
molecale, and the feed-gas into the chamber becomes passivation gas +Or+CHaCOOH
(+Ar optional). The spontancous reactions of CuO and Cu O with CH,COQOH have been
studied and published by Dennis W. Hess and K. L. Chavez in 2001, In 2011 Dry
Processing Symposiom, T. Suda (N, Toyoeda), L Yamada (Univ of Hyogo) and Kendichi
Hara (Tokyo Electron Lid.) have demonstrated the strong reactivity between CuxQ and
CH3COOH at a low pressure on the order of 1E(-5) torr. The following reactions occur:

Cut2CH; COOH ~» Cu (CH3COO)+Hyw (1)
Cuy O CHCO0H — 2Cu{CHCOO )+ HO +H, (2)
Thus, the reaction’s volatile product is Cu(CHCOO),

The key ingredient of achieving the Cu SAE in this chemical system is the
addition of passivation molecule which provides the sidewall passivation.  There are
many ways o accomplish sidewall passivation, including deposition or growth of a Cu-
containing compound. One simple example is through the deposition of hydrocarbon
polymer such as CoFy. M is known thai the O-based plasma will consume C-based
passivation layer on the sidewalls. Therefore, the process recipe will have to be able 10
produce a sidewall hydrocarbon deposit withstanding the depletion by the isotropic O
radicals (and O, ete. as well), while through ion-assisted chemical etching or RIE keeping
the feature-bottom free of any hydrocarbon deposits.  For example, polyethylene polymer
deposition can be accomplished by using CoHy as a passivation molecole. An example gas
mixiure may be CoHy+0+CH.COOH+Ar which causes reactions (1) and (2) noted above.

Another convenient example of sidewall deposition passivant is fluorocarbon, There
are many such passivation molecules that could be used, for example, CHF;, CiFq CsFs,
CyFg, eic. Like hydrocarbon deposits, fluorocarbon deposits are also prone to attacks by O
radicals and O, neutrals, ete. Therefore, a recipe should maintain 2 CFy passivated

sidewall while having a CFx-free feature-bottom through lon-assisted chemical etching or

10
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The sidewall passivant does not have to be a deposit; it could be a grown layer of Cu
cormpound,  One example is CuFy sidewall passivant which provides a Cu-F bond that is

not only stronger than Cu ~ O bond, but also stable so there is less worry of F diffusion

on

into the Cu bulk,  Also, etching by CHaCOOH may occur by SAE, RIE or ion assisted
etching or a combination of all of these mechanisms.  Andsotropic Cu eiching by both
ion-assisted and spontaneous processes, with CFy sidewall passivant, may be preferred.
For example, a gas mixture of NF2+O,+CH3;COOH+ Ar may be used since NFy 15 a
strong source of F atom. The following reactions occur
10 SAE: CoO+ZCH;COOH —Co(CHCOO R0 (3)
RIE:  Cul+CuFyrdCHCOOH —2Cu (CHaCOO+H,0+2HF  (4)
In this embodiment, Fluorination and oxidation take place on all surfaces but spontancous
etehing of CuxO by CHiCOOH depletes the sidewall to CuFx-only, which becomes the
sidewall passivant. The feature-bottom Cux( will be spontaneously etched by CH;CGOHL
15  the stronger Co ~ F bond males the reaction between CuFy, and CH;COOH weaker and as
a result, micro-masking by CuFx on the feature-bottom would bave ocourred.  Howevey,
simultancous ion bombardment on Cux() and CuFy of the feature-bottom could weaken
the Cu — F bond and lead to the formation of BF and additional Co{CH.COO), as the
etehing prodect. It 1s to be noted that the ratio of (3y/NFs can be continuously adjusted
20 from xero {(providing RTE only) to some non-zero number {(providing SAE and RIE) to
achieve the desired eiching results.

Where NF; is used and Cus could introduce some potential problems, Xef,, Fs,
ote. could be considered.  For example, a foed gas of XeF2 + G2 + Ar + CHaCOUOH may
be introduced in the chamber o effect reactions (3) and (4) noted above.,  Using a F-only

25 source (Xe s inert) ensures a CuFx-only coverage on the sidewall reactions.
While all of the above examples ave “one-step plasma processes,” a “mulii-step”

process may be used.  Further, while plasma generation is discussed with rospect to

11
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inhibiting passivation by RIE or ion assisted etching, a plasma may be maintained for
other portions of a multistep process.  The multi-step method is applicable 10 all types of
passivants like hydrocarbon and fluorocarbon, ete., discussed above. Here, the CoFx
passivant is used as an example to illustrate the mulii-step method:  In s first step, a weak
plasma of XcF is generated to form CoFx everywhere. In a second step, an Ar plasma is
generated and a bias power 1o obtain a Cu-only feature-bottom through Ar ton
bombardment of the featiwe-bottom,  The third step 1s Oy plasma with bias to form Cux0
on the featurre-bottom while leaving the sidewall CuFy as a passivant,  In step 4,
CHCOOH is introduced and it spontanecus etches the feature-botiom CoxO even without
lighting a plasma. The four steps repeat (o continue the Cu etching for a deeper feature.

As another multistep example:  Step 118 a CyHa plasma depositing polyethyviene
everywhere, Step 2 is Ar+O; plasma with bias to eich off the feature-bottom polyethylene
and forming CuxQ on the feature-botiom. Step 3 1s CH;COOH 0 spontancously etch off
the feature-bottom Cux(O even without a plasma. Again, the cycle repeats for deeper
giching.

In one embodiment, a method for eiching a copper-containing layer on a substrate
includes loading 2 substrate into a plasma processing chamber having & plasma source and
a substrate holder, the substrate having a copper-coniaining layer and etch mask formed
thereupon as discussed above. A passivation gas is infroduced into the plasma processing
chamber, the passivation gas forming a fivst copper-containing compouand, or a passivation
tayer, or a combination thereof, on exposed surfaces of features formed in the copper-
containing layer, while applying a first RF or microwave power to the plasma source.  An
inert gas is introduced into the plasma processing chaniber, while applying a second RF or
microwave power to the plasma source, and a reacting gas is lntroduced mto the plasma
processing chamber while applying a third RF or microwave power to the plasma source.
The reacting gas forms a second copper-containing compound on exposed surfaces of

features formed in the copper-containing layer as discussed above. A reducing gas is
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ntroduced into the plasma processing chamber, the reducing gas reacting with the second
copper-containing compound to form a volatile copper-containing compound, and the
volatile copper-containing compound is pumped from the plasma processing chamber.
These sieps are repeated until a pattern is formed in the copper-containing layer.  An inert
gas may be introduced during any one of these steps.

The time duration 1o perform a specific ciching process may be determined using
design of experiment {DOE) techmniques or prior experience; however, it may also be
determined using endpoint detection. One possibie method of endpoint detection is to
monitor a portion of the emitted light spectrum from the plasma region that indicates when
a change in plasma chemistry occurs due to change or substantially near completion of the
removal of a particular material layer from the substrate and contact with the underlying
thin filnn.  After emission levels corresponding to the monitored wavelengths cross a
specified threshold (e.g., drop to substantially zero, drop below a particular level, or
increase sbove a particalar level}, an endpoint can be considered to be reached.  Various
wavelengths, specific to the etch chemistry being used and the material layer being etched,
may be used. Furthermore, the eteh time can be extended to include a period of over-ctch
time, wherein the over-cich time constifutes a fraction (.., 1 to 100%) of the time
between initiation of the etch process and the time associated with endpoint detection.

Etching performances will also be strongly affected by the type of plasma used for
the etcher. As noted above, some level of bias power is required for the SAE. The natare
of the plasma source will also affect the etching performance since the plasma properties
affect the plasma chemistry, CHyCOOH is the key molecule for reaction — its dissociation
should be controfled.  More importantly, the volatile Cu compound eiching product,
Cu(CHLCOO0);, should not be dissociated once it enters into the plasma body (ata
minimum requirement, its disscciation has to be as mintmized as possible). A diffusion
plasma is ideal in mieeting these requirements.

A microwave surface wave plasma may be used to provide a diffusion plasma. In

13
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general, microwave surface wave plasma is the only plasma source that can produce a true
diffusion plasma at the wafer level, in a realistic physical size wafer-etcher, FIG 415 a
schematic representation of a radial line slot antenna (RLEA™) plasma source that way be
used to generate a diffusion plasma according to embodiments of the lnvention.  Inthe
cmbodiment shown in FIG 4, the reduction gas input 440 is proximate to the substrate and
the passivation gas and reacting gas input 450 is proximate to the RLSA 460 to which
niicrowave power 18 coupled.  In FIG 4, the dissociation in the diffusion plasma (i.e., at
the water level) 1s essentially eliminated. As a vesult, the etching product Cu(CHACOO),
can be pumped out without redeposit Cu. Alse, feeding CHCOOH into the diffusion
plasma (.., near the wafer level) cssontially eliminates its dissociation. Reducing gas
roolecule 475 and volatile reactant 485 are also shown in Fig, 4.

FIG. 5 depicts a plasma processing system for etching a Cu-containing layer
according 10 embodiments.  The plasma processing systern | inchudes a plasma
processing chamber 10, an optional diagnostic system 12 coupled to the plasma processing
chamber 10, and a controller 14 coupled to the optional diagnostic system 12 and the
plasms processing chamber 10, The controller 14 is configured 10 execute a process recipe
comprising at least one step configured to eich a Cu-containing layer, as described herein,
Additionally, coniroller 14 s optionally configured to receive at least one endpoint signal
from the diagnostic system 12 and to post-process the at least one endpoint signal in order
to acourately determine an endpoint for the process. Alternatively, controller 14 utilizes a
pre-determined time to set the endpoint of the process. In the illustrated embodiment,
plasma processing systern 1, depicted in F1G, 5, utilizes plasma for etch processing.

FIG. 6 illustrates a plasma processing systent according to another embodiment,
Plasma processing system la comprises a plasma processing chamber 10, substrate holder
20, upon which a substrate 25 to be processed is affixed, and vacoum pumping system 30.
Sabstrate 25 can be a semiconductor substrate, a wafer or a lquid crystal display. Plasma

processing chamber 10 can be configured to facilitaie the gencration of plasma in
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processing region 15 adjscent a surface of substrate 25, An ionizable gas or mixtare of
gases is introduced via a gas Injection sysiem (not shown) and the process pressure is
adjusted. For example, a control mechanism (not shown} can be used to throttle the
vacwm pumping system 30, Plasma can be utilized to create materials specific to a pre-
determined materials process, and/or to aid the removal of material from the exposed
surfaces of subsirate 25, The plasma processing system 1a can be configured to process a
substrate of any size, such as 200 mm substrates, 300 mm substrates, 450 num substrates or
larger.

Substrate 25 can be affixed to the substrate holder 20 via an electrostatic clamping
system. Furthermore, substrate holder 20 can further include a temperatore control system
for controlling the temperature of subsirate 28 during various eiching processes,

Moreover, the substrate holder 20 can facilitate the delivery of heat transfer gas 1o
the back-side of substrate 25 via & backside gas supply systom to improve the gas-gap
thermal conductance between subsirate 25 and substrate holder 20. Such a system can be
utilized when temperature control of the substrate is required at elevated or reduced
temperatures. For example, the backside gas system can comprise a two-zong gas
distribution system, wherein the backside gas (¢.g., helivm) pressure can be independently
varied between the center and the edge of substrate 25,

In other embodiments, heating/covling elements, such as resistive heating elements,
or thermo-electric heatera/coolers can be included in the chamber wall of the plagsma
processing chamber 10 and any other component within the plasma processing sysiem la.

in the embodiment shown in FIG. 6, substrate bolder 20 can comprise an electrode
through which R¥ power is coupled to the processing plasroa in process space 15, For
exarnple, sabstrate holder 20 can be electrically biased at a RF voltage via the transmission
of RF power from a RF generator 40 through an optional impedance match network 42 to
substrate holder 20. The RF bias can serve to heat electrons to form and maintain plasma,

or affect the ion energy distribution function within the sheath, or both. In this
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configuration, the system can operate as a reactive ion efch (RIE) reactor, wherein the
chamber can serve as ground surfaces. A typical frequency for the RT bias can range from
0.1 MHz to 100 MHz  RF systems for plasma processing are well known to those skilled
in the art.

Furthermore, impedance match network 42 scrves to improve the transfer of RF
power to plasma in plasma processing chamber 10 by reducing the reflected power. Match
network topologies (e.g. L-type, pi-type, T-type, ete.) and automatic control methods are
well known to those skilled in the art.

Referring siill 1o FIG. 6, plasma processing system 1a optionally comprises a direct
current (DC) power supply 50 coupled to an upper electrode 52 opposing substrate 25. The
upper electrode 52 may comprise an electrode plate. The electrode plate may comprise a
silicon-containing clectrode plate, Moreover, the electrode plate may comprise a doped
silicon elecirode plate, The DC power supply can include a variable DC power supply.
Additionally, the DC power supply can include a bipolar DC power supply. The DC power
supply 50 can further include a systom configured to perform at least one of monitoring
adjusting, or controlling the polarity, current, voltage, or on/off state of the D power
supply 50, Once plasma is formed, the DC power supply 50 facilitates the formation of a
hallistic electron beam, An electrical filter may be utilized to de-couple RF power from the
DC power supply 50.

Far example, the DC voliage applied to electrode 52 by DC power supply 50 may
range from approximately 2000 volts (V) (o approximately 1000 V. Desirably, the
absolute value of the DU voltage has a value cqual to or greater than approximately 100 Y,
and more desirably, the absolute value of the DC vohage has a value equal 10 or greater
than approximately 500 V., Additionally, it is desirable that the DC voltage has a negative
polarity. Furthermore, it is desirable that the DC voltage is a negative voltage having an
absolute value greater than the self-bias voltage generated on a surface of the upper

elecirode 52. The surface of the upper elecirode 52 facing the substrate holder 20 may be
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comprised of a silicon-containing material,
Vacuum pump system 30 can inclade a firbo-melecular vacoum punp (TMP)

capable of a pumping speed up to 5000 hiters per second (and greater) and a gate valve for

throttling the chamber pressure. In conventional plasima processing devices utilized for dry
plasma etch, a 1000 to 3000 liter per second TMP can be emploved. TMPs can be used for
low pressure processing, typically less than 50 mTorr. For high pressure processing (..,
greater than 100 mTorr), a mechanical booster pump and dry roughing pump can be used.
Furthermore, a device for monitoring chamber pressure (not shown) can be coupled to the
plasma processing chamber 10. The pressure measuring device can be, for example, a
Type 6288 Baratron absoluie capacitance manometer commercially available from MKS
Instroments, fnc. (Andover, Mass,),

Referring still to FIG. 6, plasma processing system 1a further comprises a
controller 90 that comprises a microprocessor, memory, and a digital 10O port capable of
generafing control voltages sufficient to communicate and activate inputs to plasma
processing sysiem la as well as monitor outpuis from plasma processing system 1a,
Morgover, coniroller 90 can be coupled to and can exchange information with RF
gencrator 40, impedance match network 42, optional DC power supply 56, the gas
mjection system {not shown), vacuam pumping system 30, as well as the backside gas
delivery system (not shown), the substrate/substrate holder temperatore control system
(not shown}, and/or the electrostatic clamping system (not shown). A program stored in the
memory can be utilized to activate the inputs to the aforementioned components of plasma
processing system 1a according o a process recipe in order to perform the method of
ctching a thin film. One example of controller 90 15 a DELL PRECISION
WORKSTATION 610™ available from Dell Corporation, Austin, Tex.

Controlier 90 may be locally located relative to the plasma processing system la,
or it may be remotely focated relative to the plasma processing system la via an internet or

intranct. Thus, controller 90 can exchange data with the plasma processing system la
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using at least one of # direct conmection, an intranet, or the internet. Controller 90 may be
coupled to an intranet at a customer site (Le., a device maker, efc.), or coupled to an
intranet at a vendor site (i.e., an equipment manufacturer). Furthermore, another computer
(i.e., controller, server, ctc.) can access controller 90 to exchange data via at least one of a
direct connection, an intranet, or the internet.

In the embodiment shown in FIG 7, the plasma processing systern 1b can be
similar to the embodiment of FIG. 6 and further comprise either a stationary, or
mechanically or electrically rotating magnetic field system 60, in order to potentially
increase plasma density and/or improve plasma processing aniformity. Moreover,
controlier 90 can be coupled to magnetic ficld systom 60 in order to reguolate the speed of
rotation and field strength. The design and implementation of a rotating magnetic field
well known to those skilled in the art.

In the embodiment shown in FIG &, the plasma processing system 1o can be
similar to the embodiment of FIG. 6 or FIG. 7, and can further comprise an RF generator
70 configured to couple RF power to upper electrode 52 through an optional impedance
match network 72. A typical frequency for the application of RF power to upper electrode
52 cum range from about 0.1 MHz to about 200 MHz. Additionally, a typical frequency for
the application of power to the substrate holder 20 (or lower electrode) can range from
about (.1 MHz to about 100 MHz. For example, the RF frequency coupled to the upper
electrode 52 can be relatively higher than the RF frequency coupled to the substrate holder
20. Forthermore, the RF power to the upper electrode 52 from RF generator 70 can be
amplitude modulated, or the RF power to the substrate holder 20 from RF generator 40
can be amplitude modulated, or both RF powers can be amplitude moduolated. Desirably,
the RF power at the higher RF frequency is amplitude modulated. Moreover, controller 90
is coupled to RF generator 70 and impedance mateh network 72 in order to control the
application of RF power i upper electrode 70. The design and implementation of an upper

clecirode is well known to those skilled in the art.
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Referring still to FIG. 8, the optional DC power sapply 50 may be directly coupled
to upper electrode 52, or it may be coupled to the RY transmission line extending from an
output end of impedance match network 72 to upper electrode 52. An electrical filter may
be utilized to de-couple RF power from DC power supply 50.

In the embodiment shown in FIG. 9, the plasma processing system 1d can, for
example, be similar to the embodiments of FIGS. 6. 7 and 8, and can further comprise an
mduetive cotl Q0 to which RF power is coupled via RF generator 82 through an optional
impedance match network 84, RF power is inductively coupled from inductive coil 80
through a dielectric window {not showa)} t¢ plasma processing region 15. A typical
frequency for the application of RF power to the inductive coil &0 can range from about 19
MHz to about 100 MHz. Similarly, a typical frequency for the apphecation of power to the
substrate holder 20 (or lower electrode) can range from about 6.1 MHz to about 100 Mz
In addition, a slotted Faraday shield (not shown) can be employed to reduce capacitive
coupling between the inductive coil 80 and plasma. Moreover, controller 940 is coupled to
RF genarator 82 and impedance match network 84 in order to control the application of
power to inductive coil 80, In an alternate embodiment, inductive coil 80 can be a "spiral”
¢oil or "pancake” coil in communication with the plasma processing region 15 from above
as in a transformer coupled plasma (TCP) reactor. The design and implementation of an
inductively coupled plasma (ICP) source, or transformer coupled plasma (TCP) source, 1s
well known to those skilled in the art.

Aliernately, the plasma can be formed vsing electron ecyclotron resonance (ECR).
In yet another embodiment, the plasma is formed from the launching of a Helicon wave, In
yet another embodiment, the plasma is formed from a propagating surface wave as poted
in FIG 4. Each plasma source described above is well known {0 those skilled in the art.

In the embodiment shown in FIG 10, the plasma processing system le can, for
example, be similar o the embodiments of FIGS. 8 and 9, and can further comprise a

second RF generator 44 configured to couple RF power to substrate holder 20 through
E) &
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another optional impedance match network 46. A typical frequency for the application of
RF power to substrate holder 20 can range from about 0.1 MHz to about 200 MHz for
either the first RF generator 40 or the second RF generator 44 or both. The RF frequency
for the second RF generator 44 can be relatively greater than the RF frequency for the first
RF generator 44, Furthermore, the RF power to the substrate holder 20 from RF generator
40 can be amphitude modulated, or the RF power fo the substrate holder 20 from RF
generator 44 can be amphtude modulated, or both RF powers can be amplitude modulated.
Desirably, the RF power at the higher RF frequency is amplitude modulated. Moreover,
caontrolier 90 is coupled to the second RF generator 44 and impedance match network 46
in order to control the application of RF power to substrate holder 20. The design and
implementation of an RF system for a substrate holder is well known to those skilled in
the art,

As noted in the background, a method of cleaning a Co etch chamber is needed.
According to one embodiment, etch chemistry to clean off the Cu from the chamber parts;
the dry clean frequency could be per wafer or per many wafers depending on the
manufactoring requirements. In addition to those discussed herein, one promising Cu
anisotropic plasma etching process is the Hy-base plasma RIE, Its exact etching
mechanism is not yet scientifically concluded. However, one plausible mechanism is
“plasma deep UV photon indoced {and/or electron stimulated) Cu desorption after Cu-
surface H-damage.” Regardless the meehanism, majority of the desorbed Cu stick o the
surfaces of all chamber parts. After the eiching of a large mumber of wafers, the chamber
condition will become severely altered, Therefore, chamber stability is expected to suffer
and the etching results are expected to drift. Embodiments of the invention provide & dry
clean method, either after each wafer or after 2 number of wafers, to clean off the Cu
deposits on the surfaces of the chamber parts, restoring the proper seasoning condition.

FIG. 11 provides a flow chart illustrating a method for etching a Cu-containing

tayer to clean a chamber interior according to an embodimeni of the invention.  As seen,
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in step 1102, 2 plasma processing chamber is provided having a Cu-containing layer on an
tertor surface.  The plasma processing chamber has a plasma source and 2 substrate
holder. Instep 1104, a reacting gas is introduced into the plasma processing chamber to
form a Cu-containing compound in the Cu-containing fayer on the interior surface. The
reacting gas may be an Oy gas.  In step 1106, a reducing gas is introduced into the plasma
processing chamber, A plasma is provided in the plasma processing chamber by
applying at least one of DC, RF, or microwave power, to the plasma source.  As noted
above, the reducing gas provides a reduction reaction with the Cu-compound and creaies &
volatile Cu-containing compound which is removed from the chamber.  The reducing gas
may be an organic compound such as CH:COOH discussed above. 1o one embodiment,
a bias is not provided on the subsirate holder to effect an isotropic eteh of the Cu-
containing deposits on the interior chamber wall,

One or more of the etching processes described above may be performed utilizing
a plasma processing system such as the one described in FIGS. 5-10.  However, the
methods discussed are not io be limited in scope by this exemplary presentation.

An organic compound gas is supplied from an organic compound gas supply unit
mio a target chamber such as shown in FIGS 5-10. Here, an acetic acid as an organic acid
is used as an example of the organic compound.  FIG 12 iHlustrates an example organic
compound supply unit that may be vsed in accordance with embodiments of the invention,
As seen, the organic compound gas supply unit 30 includes an intermediate vessel 36 and
a tank 37 for storing an organic compound, and a valve 37a is disposed on a line 36a for
connesting the intermediate vessel 36 and the tank 37, The organic compound is
supplied from the intormediate vessel 36 1o the target chamber through the Hoe 32, and the
line 32 is provided with a variable leak valve 38, The intermediate vessel 36 has a sensor
for detecting the armount of the organic compound therein, e.g., a liquid surface sensor 39,
50 that the amount of the organic compound in the intermediate vessel 36 is measured.

When the lowering of the liquid surface is detected by the liquid surface sensor 39, the
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intermediate vessel 36 is disconmected from the vacwnm by the variable leak valve 38 and
an ovganic compound is supplied from the tank 37 to the intermediate vessel by opening
the valve 37a.

The organic compound {acctic acid) in the reservoir 37 is evaporated, and the
evaporated organic compound is supplied to the target chamber. At this time, the
gvapuration amount of the organic compound {(acetic acid) is controlied by controlling an
opeming degree of the flow rate control valve 38, The supply amount of the organic
compound gas is set to a level that allows sufficient crganic compound molecules to be
adsorbed to the surface of the Cu film formed on the substrate 8. The pressure in the target
chamber 3 (partial pressure of acetic acid) is preforably about 164 Torr to 10-6 Torr, The
prossure gauge 34 may be, e.g., an ion gauge or 2 capacitance monometer.

As with the embodiments discussed above, the reducing gas comprises an acid
such as CH;COOH, and the reacting gas conprises 02, An inert gas such as He, Ne, Ar,
Kr, and Xe may also be used. Fur‘iher, the reacting gas and reducing gas may be
introduced simultaneously into the plasma  processing chamber, in 3 single-siep process,

or introduced sequentiafly into the plasma processing chamber, in a multi-step process.
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What is claimed is:
1. A method for anisotropically etching a feature in a Cu-~containing layer, the method
comprising:

providing a substrate having a Cu-~containing layer and a patterned etch mask
formed on the Cu-containing layer such that an exposed Cu-containing layer is exposed to
processing through the patterned etch mask;

passivating a first surface of the exposed Cu-containing layer;

inhibiting passivation of a second surface of the Cu-containing layer;

forming a Cu compound on said second surface of the Cu-containing layer; and

removing the Cu compound from the second surface of the Cu-containing layer to

anisotropically etch a feature in the Cu-containing layer.

2. The method of claim 1, wherein said passivating comprises depositing a passivation
layer on the first surface of the Cu-containing layer or growing a Cu compound on the first

surface of the Cu-containing layer.

3. The method ofclaim 2, wherein said depositing a passivation layer comprises

depositing a hydrocarbon or a fluorocarbon on the first surface of the Cu-containine laver,
P gany g ia$

4. The method of claim 2, wherein said growing comprises growing a Cu-fluoride on the

first surface of the Cu-containing layer.

5. The method of claim 1, wherein said inhibiting passivation comprises at least one of
reactive ion etching (RIE) or jon assisted etching the second surface of the Cu-containing

layer to remove passivation material from the second surface of the Cu-containing layer.

6. The method of claim I, wherein said forming a Cu compound comprises forming CuyxQ
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on the second surface of the Cu-containing layer.

7. The method of ¢laim 1, wherein said forming CuxO comprises supplying at least one of

O, neutrals and O ions to the second surface of the Cu-containing layer.

8. The method of claim 1, wherein said removing the Cu compound comprises at least one
of anisotropic spontaneous etch (SAE) and reactive ion etch (RIE) of the Cu compound

from the second surface to anisotropically etch a feature in the Cu-containing layer.

9. The method of claim 1, wherein the passivation layer is preferentially formed on the

sidewalls over bottom surfaces, of features formed in the Cu-containing layer.

10. Amethod for etching a Cu-containing {ayer on a substrate, the method comprising:

loading a substrate into a plasma processing chamber having a plasma source and
a substrate holder, the substrate having a Cu-containing layer and a patterned etch mask
formed thereupon;

introducing a passivation gas into the plasma processing chamber, the passivation
gas forming a passivation layer on exposed surfaces of the Cu-containing layer;

introducing a reacting gas into the plasma processing chamber, the reacting gas
forming a first Cu~containing compound on exposed surfaces of features formed in the Cu-
containing layer;

introducing a reducing gas into the plasma processing chamber, the reducing gas
reacting with the first Cu-containing compound to form a volatile Cu-containing
compound;

energizing a plasma in the plasma processing chamber, by applying at least one of
DC, RF, or microwave power, to the plasma source;

applying RF bias to the substrate holder; and
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pumping the volatile Cu-containing compound from the plasma processing

chamber, to form a pattern in the Cu-containing layer.

i1. The method of claim 10, wherein the reducing gas comprises an acid.

12. The method of claim 10, wherein the reducing gas comprises CHsCOOH.

13. The method of claim 10, wherein the reacting gas comprises O2.

14. The method of claim 10, wherein the reacting pas further comprises an inert gas.

15, The method of claim 14, wherein the inert gas comprises at least one of He, Ne, Ar, Kr,

and ¥e.

16. The method of claim 10, wherein the passivation gas comprises at least one of a
fluorine-containing gas, a hydrocarbon gas, a fluorocarbon gas, and a hydrofluorccarhon

gas.

17. The method of claim 10, wherein the passivation gas, reacting gas, and reducing gas,

are introduced simultaneously into the plasma processing chamber, in a single-step process.

18. The method of claim 10, wherein the passivation gas, reacting gas, and reducing gas,

are introduced sequentially into the plasma processing chamber, in a multi-step process.

19. The method of claim 10, wherein the plasma source and substrate holder are disposed
at opposite ends of the plasma processing chamber, wherein the passivation gas and

reacting gas are introdnced proximate the plasma source, and wherein the reducing gas is
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introduced proximate the substrate holder,

20. Amethod for chamber cleaning, the method comprising:

providing a plasma processing chamber having a plasma source and a substrate
holder, the interior surfaces of the plasma processing chamber having a Cu-containing
layer deposited thereon;

introducing a reacting gas into the plasma processing chamber, the reacting gas
forming a first Cu-containing compound in the Cu-containing layer on the interior
surfaces;

introducing a reducing gas into the plasma processing chamber, the reducing ges
reacting with the first Cu-containing compound to form a volatile Cu-containing
compound;

energizing a plasma in the plasma processing chamber, by applying at least one of
DC, RF, or microwave power, to the plasma source;

pumping the volatile Cu-containing compound from the plasma processing

chamber, to remove the Cu-containing layer from the interior surfaces.



