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Reduced Isotropic Etchant Material Consumption and Waste

Generation

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of and priority to U.S. Provisional Application
Serial No. 61/239,350 filed September 2, 2009, the contents of which are incorporated

herein by reference in their entirety and for all purposes.
FIELD OF THE INVENTION

This invention pertains to methods of wet chemical etching. More particularly
this invention pertains to methods and apparatus for regenerating and reusing wet etchant

for copper removal and planarization in semiconductor processing.

BACKGROUND

Isotropic etching is non-directional removal of material from a substrate via a
chemical process using an etchant. Etchants can include liquids and plasmas. Liquid
chemical etchants are typically corrosive, containing acids or bases and other agents to
enhance the etchants ability to remove material from a work piece. Such etchants are
used, for example, to efficiently remove unwanted material from a work piece. Isotropic
etching is particularly useful for removing unwanted metal, for example copper, from

semiconductor wafers.

Isotropic etching metal from a work piece typically produces large volumes of
waste, on the order of tens of liters per hour, for example, to process semiconductor
wafers through a single etch apparatus. This waste, although moderately dilute, can
contain many environmental poisons including metal ions, for example copper. Also,
feed stocks for creating the liquid etchant are expensive. Handling large volumes of
caustic and toxic waste presents a major challenge, for example, in semiconductor

processing where large numbers of work pieces are processed daily.

SUMMARY

Methods and apparatus for isotropically etching a metal from a work piece, while
recovering and reconstituting the chemical etchant are described. Various embodiments

include apparatus and methods for etching where the recovered and reconstituted etchant
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is reused in a continuous loop recirculation scheme. Steady state conditions can be
achieved where these processes are repeated over and over with occasional bleed and feed
to replenish reagents and/or adjust parameters such as pH, ionic strength, salinity and the
like. This saves from having to process huge waste streams and takes advantage of

synergies between processes as described herein.

One embodiment is an apparatus for processing a work piece, including: (a) a wet
chemical etching chamber for removing a metal from a surface of the work piece with a
peroxide-based etchant, the wet chemical etching chamber in fluid communication with
and upstream of; (b) an electrowinning module for removing ions of the metal from the
peroxide-based etchant after it exits the wet chemical etching chamber; and (c) a
regeneration system configured to reintroduce one or more reagents into the peroxide-
based etchant after it exits the wet chemical etching chamber in order to regenerate the
peroxide-based etchant and reintroduce it into the wet chemical etching chamber.
Apparatus may further include a decomposition tank configured to allow substantial
decomposition of a peroxide in the peroxide-based etchant after exiting the wet chemical
etching chamber and before entering the electrowinning module. Regeneration systems
may include: a peroxide inlet for introducing the peroxide into the peroxide-based
etchant after the peroxide-based etchant exits the electrowinning module, the peroxide
inlet proximate to an etchant inlet of the wet chemical etching chamber; and one or more
make-up feeds for adding at least one of water, a metal chelator and a pH adjuster to the
peroxide-based etchant. Apparatus may further include a buffer tank configured to store a
volume of the peroxide-based etchant after it exits the electrowinning module, the buffer

tank configured upstream of the peroxide inlet.

Another embodiment is a method for processing a work piece, including: (a) wet
chemical etching a metal from a surface of the work piece with a peroxide-based etchant;
(b) electrowinning ions of the metal from the peroxide-based etchant after wet chemical
etching; (c) regenerating the peroxide-based etchant by adding one or more reagents to
the electrowinned peroxide-based etchant; and (d) reusing the regenerated peroxide-based
etchant for wet chemical etching. Methods may further include passing the peroxide-
based etchant through a decomposition tank, after wet chemical etching and before
electrowinning, in order to decompose a peroxide in the peroxide-based etchant. Methods
described herein are particularly useful for etching copper. Copper concentrations from

the used etchant solution are reduced to low levels, in one embodiment, less than about
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200 ppm of copper ions, in another embodiment less than about 100 ppm of copper ions.
One or more reagents added to the stabilized and electrowinned etchant include least one
of water, a peroxide, a metal chelator and a pH adjuster. In one embodiment, the pH
adjuster includes an organic and/or and inorganic base. Methods of monitoring the etch,
decomposition and/or electrowinning are described where data collected is used to
maintain a substantially steady state etchant composition for etching in a recirculation
format where the used etchant is regenerated and used again. In one embodiment,
determining how much of each, of the one or more reagents to add to the electrowinned
peroxide based etchant is achieved by analyzing the electrowinned peroxide-based
etchant to determine at least one of pH, salt concentration, peroxide concentration, metal

ion concentration, ionic strength, chelator concentration and the like.

Another embodiment is a method of reducing the volume of a waste stream
produced by etching copper with a chemical etchant, including: (a) electrowinning
copper ions from the waste stream until a copper ion concentration of about 200 ppm or
less is reached; and (b) reconstituting the chemical etchant using the electrowinned waste
stream and one or more reagents; and (c) reusing the reconstituted chemical etchant to

further etch copper.
These and other features and advantages are further discussed below with
reference to the associated drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a plot of the solution temperature vs. time of an etch solution after the

addition of hydrogen peroxide.

Figure 2 is a plot of estimated time of the etch solution described in relation to

Figure 1 to decompose as a function of pH.

Figure 3 is a pH titration curve of the etch solution from Figure 1 using copper

plating solution as the titrant.
Figure 4 shows the general layout of an electrowinning apparatus.

Figure 5 is a process flow depicting aspects of a method of processing a work

piece.

Figure 6 is a schematic of an apparatus for processing a work piece.
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Figure 7 shows the results of copper concentration in the etch solution vs. time

using an experimental electrowinning apparatus.

DETAILED DESCRIPTION

While methods for efficient copper removal are desirable at various stages of
semiconductor device fabrication, conventional wet copper etching techniques have not
been widely introduced because of their anisotropic nature. Anisotropic etching leads to
preferential etching of copper in one specific direction and/or preferential etching of one
type of grain orientation and, consequently, leads to roughening of copper surface, pitting,
and grain boundary dependent non-uniform copper removal. Therefore isotropic

removal of copper is commonly desired.

Exemplary isotropic etchants, methods and apparatus are described in the
following: US Patent 7,531,463, filed October 24, 2006 (Koos, ct.al.), US patent
7,338,908, filed October 20, 2003 (Koos, ct.al.), US Patent Application 11/602,128, filed
November 20, 2006 (Mayer et al.), US Patent Application 11/888,312, filed July 30, 2007
(Mayer et al.), US patent Application 12/462,424, filed August 4, 2009 (Mayer et al.), and
US Patent Application 12/535,594, filed August 4, 2009 (Mayer et al.), each of which is

herein incorporated by reference in its entirety.

Isotropic etch systems typically create an in-line a mixture of “fresh” metal
etching chemicals that are used once (single pass) and then the spent solution is treated as
waste. For example, an etch stream is created by combining a solvent, for example water,
an isotropic copper chelator concentrate, typically containing one or more amino acids
and/or di-, tri- and tetra-amines (e.g. glycine, ethylene diamine), and typically one or
more neutralizing agents. A specific example of a copper chelator concentrate is
Novellus composition ChemX-GSA2™, available though ATMI Industries of Danbury,
Connecticut. The concentrate and water streams are mixed with an oxidizer, typically a

peroxide, for example 30% hydrogen peroxide, to form an active isotropic etch solution.

The isotropic etch may have a number of very favorable characteristics, including
grain independent and feature size, depth and density independency, as well as minimal
surface roughening (i.e. the surface remains bright, even after removing 10 or more
microns of metal). The costs of the raw chemicals and the volume of total waste
generated are very favorable versus the major competitive processes, for example copper

chemical mechanical polishing (CMP).
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Among the current technical issues with isotropic etching is the need to process
and eventually treat a relatively large liquid waste volume that is moderately dilute. Also,
the waste stream contains an environmental poison, copper. In some cases, this stream
may be as large as 25 liters per hour from a single processing module (e.g. if the etch
process must remove 40-50 um of plated metal), and has a copper content in the range of
about 0.1%, or 1000 ppm. For comparative purposes, this waste stream volume is about
10-50 times that of a typical Sabre™ plating tool (a copper electrofill tool available from
Novellus Systems, Inc. of San Jose, California), which produces on the order of 0.62-1.25
liters per hour of concentrated waste (about 4% copper, or 40,000 ppm) and is about 1/3
the volume of the Sabre EBR™ (edge bevel removal tool, also available from Novellus
Systems, Inc. of San Jose, CA) which produces about 100 liters per hour of rinse waste
(10-50 ppm copper). The exact values of course depend on tool particular application,

throughput, utilization, and other operating conditions.

In a typical waste treatment scheme not involving the etch solution, concentrated
plating solution is typically first kept as a separate waste stream from the rinse waste, and
may be electrowinned down to a copper concentration of less than about 200 ppm. Then
this small volume acidic waste is mixed with the larger volume, less acidic, low copper
rinsate stream, the combined streams are pH modified to between about pH 4 and about
5, where they are then passed though a series ion exchange resins, exiting the treatment as

a near neutral low copper content (typically between 1-5 ppm) waste stream.

The mixing of the plating waste streams with etch waste streams, having a very
different volumes, metal concentrations, pH, oxidizer content and other constituents, was

found to be not fully compatible, or economically and environmentally optimal.

The inventors have found that, in addition to being non-optimal to simply mix the
plating tool waste with the etch waste because of their incongruent volume and metal ion
concentration, the etch solution is alkaline (pH 8-11) and contains an oxidizer and hence
has other incompatibilities. This difference in the waste streams presents some unique
problems. It was recognized as favorable (from a waste treatment perspective) that the
hydrogen peroxide oxidizer in the etch solution breaks down rapidly (in about 10
minutes) to oxygen and water and therefore is a stable waste product. The decomposition
process is exothermic, creating oxygen and water, and can be monitored by measuring the
adiabatic temperature rise of a decomposing solution, the results of such measurement are

presented in equation (1).
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H,0, 2 H;O+% 0O, AHgeaet = - 23.4 kcal/mole (1)

The decomposition of a typical etch solution, for example a 4 percent solution by weight
(1.18 M) of hydrogen peroxide solution, would release 23.4 x 1.18 = -27.6 kcal/liter and
have a heat capacity of about 0.98 Kcal/L, so the adiabatic temperature increase for the

complete decomposition of such a solution would be as in equation (2), a value
AT =-AH/Cp=27.6/0.98=282°C 2)

commensurate with measurements where the decomposition is rapid (nearly adiabatic).
However, the oxidizer break down rate is a strong non-linear function of pH (described in
more detail below), and therefore simply combining the etch waste with various acidic
waste streams can create a number of challenges in chemical handling, treatment and

safety.

By measuring the time to reach a maximum temperature one can approximate this
value with the average time (rate) of the peroxide decomposition. Figure 1 is a plot of the
solution temperature vs. time of an etch solution after the addition of hydrogen peroxide.
The solutions were made by combining a) 80 mL of an etch concentrate electrolytic
“precursor”, b) 0 or 1.3 g metallic copper powder, ¢) 800 ml of deionized (DI) water and,
just prior to starting the experiment, d) 133 g (120 ml) of 30% hydrogen peroxide in
water. One liter of the etch concentrate contained approximately 231 ml/L 98% ethylene
diamine, 198 g/L glycine, 8.8 ml/L glacial acetic acid, 3.9 ml/L 96% sulfuric acid and 718
mL of DI water. This combination of a-d initially creates a etch solution having 4%/wt
hydrogen peroxide, 8% etch concentrate, and, after reaction, contains either 0 or 1300
ppm dissolved copper. The latter copper concentration represents a typical copper
concentration of the used etch solution after etching copper from a 300 mm wafer. Thus
Figure 1 shows comparison of decomposition of 4% H,0,, 8% etch concentrate solution
in water, approximating the composition of isotropic etch waste, with and without
copper. Referring to Figure 1, the maximum temperature is reached in about 7 minutes
without copper in the solution, and in about 4.5 minutes with 1300 ppm of copper,
indicating that copper may catalyze the rate of hydrogen peroxide decomposition.
Bubbling of the solution is clearly visible during this period prior to reaching the

temperature peak.

Figure 2 is a plot of the decomposition of the etch solution described in relation to

Figure 1 as a function of pH. The pH was adjusted by titrating the etch solution before
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adding the peroxide with a copper plating solution (pH of about 0.45, 20 g/L methane
sulphonic acid, 80 g/L. copper methane sulphonate, 50 ppm CI). Figure 3 is the pH
titration curve of the etch solution using the copper plating solution as the titrating agent.
The estimate of the peroxide decomposition over time is made from measuring the time to
maximum temperature (similar to Figure 1), or, in the case of very long decomposition
times, the measured time for the solution etch rate of copper to drop below 50A/min. At
the lower pH ranges the acidity tends to reduce the rate of decomposition, but the
increasing copper is likely compensating for this reduction by catalyzing the

decomposition.

What can be concluded from Figures 2 and 3 is that at some conditions (near pH 7
and at low pH with high copper), the peroxide breakdown rate is relatively slow. This
creates a potential for waste which exits the tool to have its rate of decomposition reduced
and be temporarily “stabilized” by mixing with acidic plating or rinse waste. However, if
the pH of the mixed waste were to later change (e.g. from pH 7 to pH 4, or from pH <3 to
pH 4-6) the stored peroxide in the solution and heat and gas would be rapidly released in
a waste storage tank. Avoiding such an unpredictable and potentially hazardous situation
is therefore desirable. Also, the inventors have found that once the peroxide in the used
etch solution is decomposed, the remaining components of the etch solution are
essentially intact, except that the solution contains higher than desired copper
concentration. Thus surprisingly, the inventors have found that if such etch solutions are
“stabilized” by decomposition of the peroxide, and the copper removed, for example by
electrowinning down to an acceptable level, for example less than about 200 ppm, then
the resulting solution can be used to regenerate the etch solution by adding fresh
hydrogen peroxide. In certain embodiments, this cycle is repeated in a loop fashion, with
some maintenance of the recycling loop, for example, occasionally bleeding off some of
the solution and adding pH adjusters, water, amines and the like, to maintain a

substantially steady state etchant composition in a recycling loop format.

In one embodiment, a general etch solution recycling method along with some
exemplary process schemes and associated apparatus, are useful in reducing the amount
of chemical used and waste created in an isotropic metal removal etch process by about
90% or more are described. In certain embodiments, the method and apparatus can be
performed on- or off-board a semiconductor plating tool. In one example, a recycling

method and associated exemplary apparatus includes four core operations and/or
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components: 1) a metal (e.g. copper) etching chamber (e.g. Sabre etching module) which
uses a stream (e.g. spray) of (preferably isotropic) etchant containing a solvent (e.g.
water), which is a carrier of the etch chelating chemical(s) and pH adjusting
component(s), and dissolved oxidizer(s), 2) An etch oxidizer decomposition tank suitably
designed to allow for most or substantially all of the peroxide component of the etch
solution to be broken down and the break-down product separated from the etch solution,
3) an electrowinning cell (or other suitable cell that removes dissolved metal etched from
the wafer surface in the etching chamber) and deposits the metal on, e.g., a series of
porous flow though cathode collector plates, the electrowinning creating a low metal
content solution that replenishes etch chelating solution, and 4) a recirculation system
including mechanisms for pumping the replenished etch chelating solution obtained after
processes (2) and (3) and combining the reclaimed chemical in-line with fresh oxidizing
agent (e.g. Hydrogen peroxide), so that it can be reused to etch subsequent wafers.
Various process monitoring, modifying and controlling, and a bleed and feed capability

are also described.

Thus, one embodiment is a method for processing a work piece, including: (a)
wet chemical etching a metal from a surface of the work piece with a peroxide-based
etchant; (b) removing, for example by electrowinning, ions of the metal from the
peroxide-based etchant after wet chemical etching; (c) regenerating the peroxide-based
etchant by adding one or more reagents to the electrowinned peroxide-based etchant; and
(d) reusing the regenerated peroxide-based etchant for wet chemical etching. In one
embodiment, the method further includes passing the peroxide-based etchant through a
decomposition tank, after wet chemical etching and before removing the metal ions, for
example by electrowinning, in order to decompose a peroxide in the peroxide-based
etchant. In one embodiment, electrowinning is used to remove the metal ions. In one
embodiment, the metal is copper. In another embodiment, greater than about 50% of the
peroxide in the peroxide-based etchant is decomposed without applying heat or additional
reagents to the peroxide-based etchant in the decomposition tank. In another
embodiment, greater than about 50% of the peroxide in the peroxide-based etchant is
decomposed and a decomposition catalyst is added to the peroxide-based etchant. In
another embodiment, where electrowinning is used, the electrowinning is performed until
the peroxide-based etchant includes less than about 200 ppm of copper ions, in another

embodiment less than about 100 ppm of copper ions. In one embodiment, the one or
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more reagents includes at least one of water, a peroxide, a metal chelator and a pH
adjuster. In one embodiment, the peroxide is hydrogen peroxide. In another
embodiment, the metal chelator is an amine. In this description, the term “amine” refers
to a molecule containing an amino functionality, for example, ethylenediamine, ammonia,
aniline, and amino acids are all amines. In one embodiment, the amines (and etch
solutions) are described in the aforementioned one or more patents and patent

applications incorporated by reference above.

In one embodiment, the method further includes removing a portion of the
peroxide-based etchant to compensate for the addition of the one or more reagents to the
electrowinned peroxide-based etchant. In another embodiment, the method further
includes determining which, and how much of each, of the one or more reagents to add to
the electrowinned peroxide based etchant by analyzing the electrowinned peroxide-based
etchant to determine at least one of pH, salt concentration, peroxide concentration, metal
ion concentration, ionic strength and chelator concentration; and adding the one or more
reagents to the electrowinned peroxide based etchant and/or removing the portion of the
peroxide-based etchant in order to maintain a steady state composition of the
electrowinned peroxide based etchant. In one embodiment, (a) -(d) above are performed

in a recirculating fashion.

One embodiment is a method for processing a semiconductor wafer, including:
(a) wet chemical etching copper from the semiconductor wafer with an etchant including
hydrogen peroxide; (b) stabilizing the etchant after wet chemical etching by decomposing
hydrogen peroxide in the etchant; (c) electrowinning copper ions from the etchant after
stabilization; (d) regenerating the etchant by adding one or more reagents to the stabilized
and electrowinned etchant; and (e) reusing the regenerated etchant for further wet

chemical etching of copper.

Another embodiment is a method of reducing the volume of a waste stream
produced by etching copper with a chemical etchant, including: (a) electrowinning
copper ions from the waste stream until a copper ion concentration of about 200 ppm or
less is reached; and (b) reconstituting the chemical etchant using the electrowinned waste
stream and one or more reagents; and (c) reusing the reconstituted chemical etchant to
further etch copper. In one embodiment, (a) - (c) is carried out on a waste stream created
from further etching copper with the reconstituted chemical etchant. In one embodiment,

the chemical etchant includes hydrogen peroxide and the hydrogen peroxide remaining in
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the waste stream is first decomposed before (a). In one embodiment, the one or more

reagents includes at least one of water, a peroxide, a metal chelator and a pH adjuster.

Apparatus are also described. One embodiment is an apparatus for processing a
work piece, including: (a) a wet chemical etching chamber for removing a metal from a
surface of the work piece with a peroxide-based etchant, the wet chemical etching
chamber in fluid communication with and upstream of; (b) an electrowinning module for
removing ions of the metal from the peroxide-based etchant after it exits the wet chemical
etching chamber; and (c) a regeneration system configured to reintroduce one or more
reagents into the peroxide-based etchant after it exits the wet chemical etching chamber in
order to regenerate the peroxide-based etchant and reintroduce it into the wet chemical
etching chamber. In one embodiment, the apparatus further includes a decomposition
tank configured to allow substantial decomposition of a peroxide in the peroxide-based
etchant after exiting the wet chemical etching chamber and before entering the
electrowinning module. In one embodiment, the regeneration system includes: a
peroxide inlet for introducing the peroxide into the peroxide-based etchant after the
peroxide-based etchant exits the electrowinning module, the peroxide inlet proximate to
an etchant inlet of the wet chemical etching chamber; and one or more make-up feeds for
adding at least one of water, a metal chelator and a pH adjuster to the peroxide-based
etchant. In one embodiment, the apparatus further includes a buffer tank configured to
store a volume of the peroxide-based etchant after it exits the electrowinning module, the
buffer tank configured upstream of the peroxide inlet. In one embodiment, the
decomposition tank is configured to hold the peroxide-based etchant for sufficient time
such that greater than about 50% of the peroxide in the peroxide-based etchant
decomposes without applying heat or additional reagents to the peroxide-based etchant in
the decomposition tank. In one embodiment, the peroxide-based etchant includes an

amine metal chelator and the peroxide is hydrogen peroxide.

In another embodiment, the metal is copper and the work piece is a semiconductor
wafer. In one embodiment, the electrowinning module is configured to remove copper
ions from the peroxide-based etchant so that the peroxide-based etchant exiting the
electrowinning module includes less than about 200 ppm of copper ions, in another

embodiment, less than about 100 ppm of copper ions.

In one embodiment, the apparatus is configured to deliver regenerated peroxide-

based etchant to the wet chemical etching chamber in less than about 3 minutes after

10
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mixing. In another embodiment, the apparatus includes a bleed valve for removing the
peroxide-based etchant from the apparatus to compensate for the one or more make-up
feeds adding the at least one of water, a metal chelator and a pH adjuster to the peroxide-

based etchant.

Apparatus can also include a buffer tank configured to store a volume of the
peroxide-based etchant after it exits the decomposition tank, the buffer tank configured
upstream of the electrowinning module. Additional features include one or more
analytical probes configured to measure the peroxide-based etchant in the electrowinning
module for at least one of pH, salt concentration, peroxide concentration, metal ion
concentration, ionic strength and chelator concentration. One or more controllers can be
included, each with an associated logic, the controller configured to operate at least the
bleed valve and the one or more make-up feeds in order to maintain a steady state in the
composition of the peroxide-based etchant as it exits the electrowinning module using

measurements obtained from the one or more analytical probes.

Another embodiment is an apparatus for processing a semiconductor wafer,
including: (a) a wet chemical etching chamber for removing copper from the
semiconductor wafer with an etchant including hydrogen peroxide, the wet chemical
etching chamber in fluid communication with and upstream of; (b) a decomposition tank
configured to allow substantial decomposition of hydrogen peroxide in the etchant after
the etchant exits the wet chemical etching chamber and before the etchant enters; (c) an
electrowinning cell for removing copper ions from the etchant; (d) one or more make-up
feeds for adding at least one of water, a metal chelator and a pH adjuster to the etchant in,
and/or downstream of, the electrowinning cell; and (¢) a peroxide inlet for introducing
hydrogen peroxide into the etchant after the etchant exits the electrowinning module, the
peroxide inlet proximate to an etchant inlet of the wet chemical etching chamber. In one
embodiment, the apparatus further includes buffer tank configured to store a volume of
the etchant after it exits the electrowinning cell, the buffer tank configured upstream of
the peroxide inlet. Figure 6, depicts such an apparatus, 600, for processing a work piece
in accord with the method described in Figure 5. Figure 5 depicts a process flow, 500,
describing aspects of a method of processing a work piece. Figure 5 is described along
with Figure 6. The methods and apparatus described with respect to Figures 5 and 6 are
only illustrative, the invention is not so limited. For example, a peroxide based etchant

can use hydrogen peroxide and/or other peroxides.

11
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Process flow 500 begins with wet chemical etching a work piece to remove a
metal, see 505. As discussed, isotropic etching solutions, particularly peroxide based
alkaline etchants, are well suited for this method, particularly when the metal is copper.
Referring to Figure 6, apparatus 600 includes a wet etch module, 605, in which the
chemical etchant is applied, for example sprayed, onto a wafer to isotropically remove a
portion of copper on the surface of a wafer. Exemplary etch modules are described in the

US patents and applications incorporated by reference above.

As described, some embodiments include peroxide decomposition. Referring to
Figure 6, used etchant flows from etch module 605, for example via gravity feed, to a
peroxide decomposition tank, 610. The peroxide in a peroxide based alkaline etchant
will eventually decompose naturally. However, it is desirable to incorporate a buffer tank
in which the peroxide decomposition is facilitated. In one such embodiment, to avoid the
above identified peroxide stability and treatment problem, a waste etch solution
decomposition “buffer holding” tank is provided in the line, for example, integrated into
the apparatus. Such a tank allows time for the peroxide in the used etchant to decompose
before further processing is performed on the used etch solution to regenerate it.
Stabilizing the etch stream obviates concern for subsequent peroxide reactions and related
safety issues downstream. The decomposition tank or “etch stabilization” module 610 is
appropriately configured to be sufficiently large so that the fluid residence time in the
tank T is larger than the measured oxidizer breakdown time constant (t = F / V, where 1
is the average fluids in the tank residence time in minutes, F is the time average waste
etch flow rate in liters per minutes, and V is the breakdown tanks volume in liters), and
generally is not so large as to be prohibitively expensive or occupy excess volume. The
design and volume of the etch stabilization module should be sufficient so that the exiting
solution from the etch stabilization module is less than 50% of the inlet oxidizer
concentration. In some embodiments, the tank contains various means such as flow
baffles and cascading barriers to modulate the flow streamlines, in order to avoid flow
short cuts and aids in maximizing the time in which each new volume waste resides on
average in the tank before exiting the container. Tank 610 contains, for example,
cascading barriers. The peroxide breakdown is facilitated by the residence time (supra)
and the physical act of cascading over the barriers. Tank 610 is vented due to the oxygen

liberated during the decomposition.
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As mentioned, hydrogen peroxide or other peroxide is broken down
autocatalytically or aided by a catalyst, and in the case of hydrogen peroxide, oxygen gas
bubbles are formed, rise, and are separated from the fluid. Examples of suitable catalyst
include high surface area carbons such as activated carbon or carbon acrogel, or zeolite
supported high surface area platinum or palladium. One additional useful attribute of the
etch stabilization cell and the associated exothermic decomposition reactions is that the
exotherm can be used as a heat source for further processing of the stabilized etch
solution. The temperature of the solution increases during the decomposition process, as
shown in Figure 1 and indicated by equation (1) and (2). This temperature rise can be
used to operate the etch process as a whole at a higher temperature, for example 40-50°C,
which can greatly increase the metal removing etching rate and minimizes the size of the
equipment and heating energy required in otherwise doing so. Put another way, the heat
of the decomposition reaction can be used as a chemical energy source to accelerate the

etch rate and associated wafer throughput, rather than simply throwing this energy away.

Such decomposition tanks may also have additional features that generally
increase the streamline flow path distances. In other embodiments, the tank contains
various means of mixing and recirculating the peroxide based etchant prior to exiting the
tank so that the tanks composition is largely uniform. In some embodiments the tank
includes one or more suitable oxidizer breakdown catalyst (e.g. activated carbon, noble
metal dispersed on a high surface area catalyst), a fluid height sensor(s), a copper metal
ion sensor (e.g. ion specific electrode or a spectrophotometer means of measurements, for
example, measuring the adsorption of light at 600 nm) and means of measuring the fluid
temperature in the tank. The metal ion sensor(s) in the system combined with the etch
flow rate can be used to determine the current metal removal rate (etch rate) of the wafer.
By a mass balance around the concentration of the incoming and outgoing copper content
of the etch solution and the solution flow rate, the etch rate can be determined, and
adjusted as desired to maintain a fixed etch rate, and/or to modify the etch rate over some

predetermine or desired rate/time profile.

Referring again to Figure 5, after the peroxide is substantially decomposed, excess
metal is electrowinned from the etchant, see 510. Electrowinning is an efficient mode of
handling and treating the stabilized etch waste solution (etch solution where the peroxide
has decomposed). The etch solution copper concentration of typically around 1 gm/L

0.1%, 1000 ppm) is typically too high for cost effective ion exchange treatment alone.
2
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Treating the solution in this manner would require substantial dilution, very large
capacity and/or numbers of ion exchange columns and/or frequent column regeneration.
The ion exchange treatment is best suited for remove of metals at concentrations below
about 200 ppm, or below about 100 ppm. Also, because the etch solution already
contains complexing agents active in the pH range of approximately 7 to 11, ion
exchange could require a costly pH adjustment to more acidic conditions first. If one has
a fixed volume waste stream, it makes sense to first remove the bulk of the metal to 1on-
exchanged-suitable levels, so that the total amount of metal to be removed and the sizing
of the ion exchange columns can be minimized. Electrowinning is particularly suited for
moderate metals concentration because of its effectiveness and large metal-processing
capacity (typically limited, for example, by the porosity of the metal cathode substrate).
However, because the copper in the solution is highly complexed in the alkaline etch
waste, it was unclear whether removal of the metal by electrowinning was feasible.
Surprisingly the inventors have found that electrowinning the stabilized used etchant is
not only feasible, but the copper is efficiently removed and the resulting etchant can be
regenerated and reused, in one embodiment, in a recirculation format, for example as

depicted in Figure 6.

In order to test the feasibility of electrowinning the stabilized etchant, an
electrowinning test on a 950 ppm stabilized copper etch waste solution in a bench scale
experimental apparatus was performed. Figure 4 shows the general layout of an
electrowinning apparatus, 400, and Figure 7 shows the results of the copper concentration
in the etch vs. time using the experimental apparatus. The concentration vs. time was
determined by taking solution samples periodically and using a pre-calibrated
spectrophotometric-600 nm-adsorption of the stabilized etch solution vs. copper
concentration. Referring to Figure 4, the test electrowinning apparatus included a tank,
405, in this example an 8 liter tank (which held about 5 liters of etchant in a flow through
fashion), which had suspended in it alternating pairs of electrodes. A 3 Amp/5 volt power
supply was used to charge the electrodes. The anodes were titanium screen coated with
niobium. The cathodes were porous copper “foam” flow through electrodes. A pump,
denoted with a “P,” circulated the etchant through apparatus 400 until a desired copper

concentration was reached.

Referring to Figure 7, the results of the electrowinning test, while un-optimized

(e.g., the number of electrodes used, current density applied, total current, flow rate, etc.
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weren’t optimized), clearly show that removal of metal from the etch solution at the
typical copper concentrations is rapid and can be performed efficiently (small volume,
low power, high rate). Moreover, it has been discovered that the electrowinned etch
solution contained essentially all the necessary components of the isotropic etch used to
remove the copper, less the hydrogen peroxide oxidizer. It was also realized that, rather

than simply disposing of this processed waste stream, it was highly suited for reuse.

The electrowinning process need not be 100% complete (i.e. the copper
concentration of the solution exiting the electrowinning cell for storage and recycling
need not be zero). Rather, at steady state, only the balance of the amount of metal added
by the etching process must be removed. A low, but non-zero, copper concentration at
the etch module inlet will increase by the amount of metal removed in the etch reactor,
and that amount of metal on average removed in the electrowinning process. This is
advantageous because removing metal from a more dilute solution (e.g., under about 100-
200 ppm) is typically slower and hence would increase the size of the electrowinning
equipment for the same fluid flow load. This tendency can be seen, for example, in the
data of Figure 7, where the rate of copper remove as indicated by the slope of the curve

decreases below about 300 ppm.

Referring again to Figure 6, the stabilized etchant flow enters electrowinning
module, 615. Although apparatus 600 was described first in relation to the etching
module 605, this was merely a convenient starting point. In practice, when operating
apparatus 600, initially electrowinning cell 615 is charged with concentrated electrolytic
etch precursor solution and water to create the desired concentrations of isotropic etch
constituents (but not the etch oxidizer, typically hydrogen peroxide). Examples of
suitable isotropic chemical formulations with concentration ranges and suitable isotropic
etching apparatus can be found in the US patents and patent applications incorporated by
reference herein. The etching solution is optionally brought to a desired operating
temperature by circulating the fluid in contact with a heat exchanger, collectively heat
controller, 635. Heat controller 635 may also have a chiller function, as heat is built up in
some of the processes during circulation of the etchant, for example breakdown of the
peroxide produces heat which can be used to maintain a steady state recirculation of
optimum conditions in the electrowinning module. In some embodiments, the
electrowinning cell and one or more of the other components described hereafter are

located on the tool and in close proximity to the isotropic wafer etch module. In other

15



10

15

20

25

30

WO 2011/028667 PCT/US2010/047181

embodiments, these etch fluid treating cells are located remotely in the sub-fab and are

connected to the tool though appropriate plumbing.

As mentioned, electrowinning cell 615 contains a plurality of porous flow-through
cathodes and anodes, as known in the art. The cathode can be composed of foam metals
(e.g. nickel, copper) or carbon (e.g. vitreous reticulated carbon), or other suitable
conductive porous materials such as conductive screens or clothes that will allow copper
to be electrodeposited thereupon. The anode can be made of metals such as lead, or, for
example, a dimensionally stabilized anode (DSA) such as titanium, or coated titanium
(e.g. niobium or platinum coated titanium). The stabilized etchant passes over and
through the series of porous plates where the copper is plated and removed due to the
application of a potential at the cathode below that of the reduction potential for the
metal. Oxygen is the typical (but not necessarily only) generated product at the anode, in
the form of bubbles, and some amount of hydroxide ion is typically formed in the
process. Over time this may affect the pH of the solution, and some amount of pH
adjusting modifier may be required to be added periodically as well as water and other
constituents as denoted by one or more feed valves, 645. Bleed valve 640 allows portions
of the circulating etchant to be removed, for example, after acid and/or salt builds up in
the etchant flow and new reagents need to be added via the one or more feed valves, 645.
The fluid may be recirculated, for example via one or more pumps P1, to allow for it to
pass over the electrowinning electrodes a number of times and at high velocities (to
improve convection). In preferred embodiments, the electrowinning cell has various in
situ electrolyte monitoring equipment, collectively analyzer 630, (e.g. conductivity,
optical adsorption, pH, density) in the recirculation line capable of measuring the
concentrations of the solution constituents (water, copper, chelator concentration,
neutralizing agents), and the measured values of these meters are used to determine the
solution concentrations, which is in turn are used as part of a computer controlled
feedback loop to add materials to the solution to maintain it at its target values. The
analysis at the electrowinning module is important, but the addition of make up reagents
need not be performed at the electrowinning module, for example, feed stocks can be
added at, for example, a buffering tank, 620. Also, some of the electrowinned material is
continuously or periodically bled from the system to remove and maintain the
concentration of undesirable breakdown products that may be formed in the wafer

etching, etch stabilization, or electrowinning process (or other sources of stray
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contaminants) from reaching a level that will impede the consistent performance and
operation of etching process. The stabilized etchant is circulated through the
electrowinning module until the desired level of copper is reached. Appropriate valves

allow this circulation and/or diversion to the next module of apparatus 600.

Referring again to Figure 6, the stabilized and electrowinned etchant, “etch
precursor,” is next passed to an optional etch precursor solution buffering tank, 620. This
tank allows for a sufficient supply of low copper stabilized etch solution to be available at
all times, for example, for a process which may demand material intermittently but in
relatively large volumes, and helps control swings in the volumes of fluid stored in the
system sub-cells and overall flow loop. One or more recirculation pumps, P2, are also
included that can deliver the etch precursor to the oxidizer in-line mixing bowl and to the
etching cell itself (e.g. for spraying the wafer with etchant). A three way valve, 655, is
used for switching between recirculation mode and chemical delivery mode. In other
cases (not shown) two individual values may be used, or only a single value is used which
taps fluid off of the recirculating line to deliver etchant to the etch module. Suitable
temperature control means may be integrated into the buffer tank and/or the recirculation
loop, indicated has heat controller 650. Typically the buffer tank will have a capacity
larger than the volumes of the combined etch cell, stabilizing cell, and electrowinning
cell, and is large enough to hold all the fluid in the entire system. Like the stabilization
and electrowinning cells, buffer tank 620 and associated apparatus may be integrated as

part of the wafer processing tool, or located more remotely in the wafer processing fab.

Referring again to Figure 5, process flow 500, the etch precursor is next
regenerated, see 515. Etch precursor is regenerated by combining with, for example, a
stream of, for example, about 30% hydrogen peroxide, using an in-line mixing fixture
(not shown) and the etch becomes “activated” (capable of etching metal at the target
specifications). Adding hydrogen peroxide oxidizer to the stabilized and electrowinning
stream regenerates the peroxide-based etchant, and this process of decomposing the
peroxide from the used etchant, electrowinning the stabilized etchant and regenerating the
etchant by adding peroxide can be maintained, theoretically, indefinitely. In practice,
some monitoring of the electrowinning process and solution recycle may be required, as
well as intermittently disposing of some portion of the recycle stream and adding fresh

constituents (i.e. bleed and feeding the system).
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The amount of time between the point where the fluid is activated and is
subsequently exposed to the wafer for etching should be carefully controlled, as the
isotropic etch solution is inherently unstable, will begin to heat and release oxygen gas
(excess amounts of either potentially leading to an unwieldy process). Typically the fluid
residence time after mixing with oxidizer is kept small by using relatively small line
length and diameter fluid lines and inline mixing fixture volumes. The residence time
between mixing and use should generally be less than about 3 minutes, more preferably
less than about 1 minute and most preferably less than about 15 seconds. Valve 625
indicates the entry point of the peroxide stream as in close proximity to the etch module

605, in order to reduce residence time.

The regenerated etchant is then exposed to (e.g. sprayed onto) the wafer and it
etches the metal from the wafer surface, see 520. This completes process flow 500.
Details of suitable processes and hardware for this operation have been described above
and disclosed in more detail in patents and applications incorporated by reference herein.
Multiple nozzles can be used to control the instantancous etching profile, and when one
or more nozzles are not active, an equivalent flow-resistance by-pass-line may be used to

route the fluid directly to the etch stabilization cell.

Generally, at the concentrations typically employed for the isotropic etch
disclosed in the references and examples cited above, and because the of the relatively
small amount of copper removed compared to the concentration of the other constituents
in the system (0.1% copper vs. typically 1-4% for the active components) the isotropic
etch process is relatively insensitive to the small amount of copper in the regenerated
(reconstituted and recycled) etch precursor stream. This attribute can eliminate, in some
situations, the need for substantially constant or accurate copper removal rate and
precursor copper concentration as the results are generally insensitive to the typical
process fluctuations. The major impact on the process is on the decomposition rate of the
activated solution and its temperature, and emphasizes the need to minimize the time
between the time of fluid activation and utilization and control the etch temperature.
Therefore, in some embodiments, suitable mechanisms for in-line control of the
temperature of the activated etch are envisioned. After etching the wafer the etch fluid is
collected at the etch module drain and directed to the etch stabilization module. The
wafer is spun and rinsed at the end of the process. Various modes of minimizing the

amount of rinse water that ends up, and potentially would dilute the etch recovery system

18



10

15

20

25

30

WO 2011/028667 PCT/US2010/047181

are, for example, a rinse diverter valve, and/or a multiple high cell configuration with

separate level or other diverters preventing the rinsate from diluting the etchant stream.

While apparatus 600 is shown as a continuously flowing system, one of ordinary
skill in the art would appreciate that apparatus 600 is not limited in this way. For
example, the stabilized waste from the peroxide decomposition tank can be stored in a
buffering tank prior to being electrowinned, and the electrowinning need not be
continuously operated. Similarly, the product of the electrowinning copper removal can
be stored in a “buffering tank™ as show in Figure 6. The recovery system and recycle
loop can have one or more modules integrated into a work piece processing tool such as a
semiconductor manufacturing tool that processes wafers, or the recovery system can have
one or more components off line of such a tool. For example, the electrowinning system
can be performed on or off the tool. In some embodiments, the stabilization system is on
the tool, and the electrowinning system is fed fluid from the stabilization system, but is
located in a remote location within the same facility (along with an optional remotely
located etch precursor buffer storage tank). In other embodiments, both the
electrowinning system and the stabilization system are located and perform their
functions on the tool and relatively close proximity to the etching modules. In still further
embodiments, the etch solution is stabilized and then transported off site, where it has its
metal removed by electrowinning, ion exchange, or other suitable process, and then
returned to the facility to a recovered etch precursor storage tank that feeds the in-line

mixing system.

The system which bleeds part of material in the flow loop as part of a bleed and
feed operation generates an etch waste stream (not necessarily having to come from the
location in the flow loop shown in Figure 6). Such a waste stream can be combined with
an existing rinse water waste stream, treated plating wastes, or any other waste stream,
and routed to undergo subsequent treatment processes. Typically, if one combines a
plating rinse stream and an electrowinned plating stream with the electrowinned etch
streams, these streams would undergo further treatments, such as carbon filtration and ion

exchange, before being discharged to municipal waste.

Numerous other modifications may be made to the foregoing system without
departing from the basic teachings thereof. Although the present invention has been
described in substantial detail with reference to one or more specific embodiments, those

of ordinary skill in the art will recognize that certain changes may be made, all without
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departing from the scope of spirit of the invention as set forth in the specifications and in

the appended claims.
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CLAIMS

What is claimed is:

1. An apparatus for processing a work piece, comprising:

(a) a wet chemical etching chamber for removing a metal from a surface of the
work piece with a peroxide-based etchant, said wet chemical etching

chamber in fluid communication with and upstream of;

(b) an electrowinning module for removing ions of the metal from the
peroxide-based etchant after it exits the wet chemical etching chamber;

and

(c) a regeneration system configured to reintroduce one or more reagents into
the peroxide-based etchant after it exits the wet chemical etching chamber
in order to regenerate the peroxide-based etchant and reintroduce it into

the wet chemical etching chamber.

2. The apparatus of claim 1, further comprising a decomposition tank configured to
allow substantial decomposition of a peroxide in the peroxide-based etchant after
exiting the wet chemical etching chamber and before entering the electrowinning

module.

3. The apparatus of claim 2, wherein the regeneration system comprises:

a peroxide inlet for introducing the peroxide into the peroxide-based etchant
after the peroxide-based etchant exits the electrowinning module, said
peroxide inlet proximate to an etchant inlet of the wet chemical etching

chamber; and
one or more make-up feeds for adding at least one of water, a metal chelator

and a pH adjuster to the peroxide-based etchant.

4. The apparatus of claim 3, further comprising a buffer tank configured to store a
volume of the peroxide-based etchant after it exits the electrowinning module,

said buffer tank configured upstream of the peroxide inlet.

5. The apparatus of claim 3, wherein the decomposition tank is configured to hold

the peroxide-based etchant for sufficient time such that greater than about 50% of
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10.

11.

12.

13.

the peroxide in the peroxide-based etchant decomposes without applying heat or

additional reagents to the peroxide-based etchant in the decomposition tank.

The apparatus of claim 3, wherein peroxide-based etchant comprises an amine

metal chelator and the peroxide is hydrogen peroxide.

The apparatus of claim 3, wherein the metal is copper and the work piece is a

semiconductor wafer.

The apparatus of claim 7, wherein the electrowinning module is configured to
remove copper ions from the peroxide-based etchant so that the peroxide-based
etchant exiting the electrowinning module comprises less than about 200 ppm of

copper ions.

The apparatus of claim 7, wherein the electrowinning module is configured to
remove copper ions from the peroxide-based etchant so that the peroxide-based
etchant exiting the electrowinning module comprises less than about 100 ppm of

copper ions.

The apparatus of claim 3, configured to deliver regenerated peroxide-based

etchant to the wet chemical etching chamber in less than about 3 minutes.

The apparatus of claim 3, further comprising a bleed valve for removing the
peroxide-based etchant from the apparatus to compensate for said one or more
make-up feeds adding said at least one of water, a metal chelator and a pH

adjuster to the peroxide-based etchant.

The apparatus of claim 3, further comprising a buffer tank configured to store a
volume of the peroxide-based etchant after it exits the decomposition tank, said

buffer tank configured upstream of the electrowinning module.

The apparatus of claim 11, further comprising one or more analytical probes
configured to measure the peroxide-based etchant in the electrowinning module
for at least one of pH, salt concentration, peroxide concentration, metal ion

concentration, ionic strength and chelator concentration.
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14.

15.

16.

17.

18.

19.

20.

21.

The apparatus of claim 13, further comprising a controller comprising an
associated logic, said controller configured to operate at least the bleed valve and
said one or more make-up feeds in order to maintain a steady state in the
composition of the peroxide-based etchant as it exits the electrowinning module

using measurements obtained from the one or more analytical probes.

A method for processing a work piece, comprising;:

(a) wet chemical etching a metal from a surface of the work piece with a

peroxide-based etchant;

(b) electrowinning ions of the metal from the peroxide-based etchant after wet

chemical etching;

(¢) regenerating the peroxide-based etchant by adding one or more reagents to

the electrowinned peroxide-based etchant; and
(d) reusing the regenerated peroxide-based etchant for wet chemical etching.
The method of claim 15, further comprising passing the peroxide-based etchant

through a decomposition tank, after wet chemical etching and before

electrowinning, in order to decompose a peroxide in the peroxide-based etchant.

The method of claim 16, wherein greater than about 50% of the peroxide in the
peroxide-based etchant decomposes without applying heat or additional reagents

to the peroxide-based etchant in the decomposition tank.

The method of claim 16, wherein greater than about 50% of the peroxide in the
peroxide-based etchant decomposes and a decomposition catalyst is added to the

peroxide-based etchant.
The method of claim 15, wherein the metal is copper.

The method of claim 19, wherein electrowinning is performed until the peroxide-

based etchant comprises less than about 200 ppm of copper ions.

The method of claim 19, wherein electrowinning is performed until the peroxide-

based etchant comprises less than about 100 ppm of copper ions.
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22.

23.

24.

25.

26.

27.

The method of claim 15, wherein said one or more reagents comprises at least one

of water, a peroxide, a metal chelator and a pH adjuster.
The method of claim 22, wherein the peroxide is hydrogen peroxide.
The method of claim 22, wherein the metal chelator is an amine.

The method of claim 15, further comprising removing a portion of the peroxide-
based etchant to compensate for the addition of said one or more reagents to the

electrowinned peroxide-based etchant.

The method of claim 25, further comprising:

determining which, and how much of each, of the one or more reagents to add
to the electrowinned peroxide based etchant by analyzing the
electrowinned peroxide-based etchant to determine at least one of pH, salt
concentration, peroxide concentration, metal ion concentration, ionic

strength and chelator concentration; and

adding said one or more reagents to the electrowinned peroxide based etchant
and/or removing said portion of the peroxide-based etchant in order to
maintain a steady state composition of the electrowinned peroxide based

etchant.

The method of claim 15, wherein (a) -(d) are performed in a recirculating fashion.
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