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(57) ABSTRACT

In one embodiment, a method for etching a metal layer on a
substrate may include providing a hydrogen-containing gas
and an impurity gas to a plasma chamber; generating a plasma
from the hydrogen-containing gas and the impurity gas in the
plasma chamber, the plasma comprising hydrogen-contain-
ing ions; providing gaseous species from the plasma chamber
to the substrate, wherein the providing the gaseous species
comprises directing an ion beam comprising the hydrogen-
containing ions formed from the plasma through an extrac-
tion aperture of an extraction plate disposed between the
substrate and the plasma.

13 Claims, 4 Drawing Sheets
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TECHNIQUES AND APPARATUS FOR
ANISOTROPIC METAL ETCHING

FIELD

The present embodiments relate to substrate processing,
and more particularly, to processing apparatus for etching
metal layers.

BACKGROUND

As semiconductor devices scale to smaller dimensions,
metal interconnects that form part of device circuitry are also
scaling to smaller dimensions. In order to maintain the resis-
tance-capacitance (RC) delay at acceptable levels it may be
useful to reduce the materials resistance in a metal intercon-
nect. However, conventional metal interconnects such as cop-
per interconnects are formed using a dual Damascene process
in which copper is deposited into patterned features where
interconnect lines are to be formed. This may limit the grain
size of the copper material, which may increase resistivity
due to grain boundary scattering, among other phenomena.
This smaller grains size may in turn raise the RC delay and
hence limit the speed of the circuits.

In principle, larger-grain metal materials such as copper
may be formed if a metal is deposited as a blanket layer.
However, if metal is first deposited as a blanket layer, forma-
tion of interconnect wiring entails etching of the metal layer
after deposition to pattern the metal layer. It is with respect to
these and other considerations that the present improvements
have been needed.

SUMMARY

This Summary is provided to introduce a selection of con-
cepts in a simplified form that are further described below in
the Detailed Description. This Summary is not intended to
identify key features or essential features of the claimed sub-
ject matter, nor is it intended as an aid in determining the
scope of the claimed subject matter.

In one embodiment a method for etching a metal layer on a
substrate includes providing a hydrogen-containing gas and
an impurity gas to a plasma chamber; generating a plasma
from the hydrogen-containing gas and the impurity gas in the
plasma chamber, the plasma comprising hydrogen-contain-
ing ions; and providing gaseous species from the plasma
chamber to the substrate, wherein the providing the gaseous
species comprises directing an ion beam comprising the
hydrogen-containing ions formed from the plasma through an
extraction aperture of an extraction plate disposed between
the substrate and the plasma.

In another embodiment an apparatus for etching a metal
layer on a substrate may include a gas source assembly to
provide a gas mixture comprising a ratio of impurity gas to
hydrogen gas of 0.2% to 10%. The apparatus may also
include a plasma chamber configured to receive the gas mix-
ture and generate a plasma comprising hydrogen ions and
impurity ions, and an extraction plate adjacent the plasma
chamber and configured to provide gaseous species from the
plasma chamber to the substrate through an extraction aper-
ture, the gaseous species comprising an ion beam containing
hydrogen ions and impurity ions having trajectories that form
anon-zero angle with respect to a perpendicular to a substrate
plane of the substrate.

In a further embodiment, a method for etching a copper
layer on a substrate may include providing a mixture com-
prising hydrogen-containing gas and an impurity gas to a
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plasma chamber. The method may also include providing an
extraction plate having an extraction aperture between the
plasma chamber and substrate, generating a plasma from the
hydrogen-containing gas and the impurity gas in the plasma
chamber, the plasma comprising hydrogen-containing ions
and impurity ions, and applying an extraction voltage
between the plasma chamber and substrate, wherein an ion
beam comprising hydrogen-containing ions, impurity ions
and hydrogen radicals are directed to the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a processing apparatus consistent with
various embodiments of the disclosure;

FIG. 2 depicts the etch rate results for etching of copper
layers using 3 keV hydrogen ions in three different apparatus;

FIG. 3A, FIG. 3B, and FIG. 3C depict three different
instances during copper etching according to various embodi-
ments of the disclosure;

FIG. 4A depicts an exemplary hardmask features disposed
on a copper layer before etching;

FIG. 4B depicts a profile of the copper layer of FIG. 4A and
hardmask features after etching using an apparatus and pro-
cess in accordance with embodiments of the disclosure; and

FIG.5A, FIG. 5B, and FIG. 5C together depict examples of
copper etching according to further embodiments of the dis-
closure.

DETAILED DESCRIPTION

The embodiments described herein provide techniques and
apparatus for etching metal such as copper to form patterned
features. In particular embodiments, a metal layer such as
copper may be disposed, for example, as a pure copper layer
or copper alloy layer on a substrate base. The copper layer
may be etched in an anisotropic fashion to form a patterned
feature such as an interconnect structure. The copper layer
may be initially formed as a blanket layer before etching
where the copper layer is composed of crystallites having
relatively large grain size at least within a plane of the copper
layer. The grain size within the plane of the copper layer may
be larger than a dimension of a copper feature after etching.
For example, a line width of a copper feature after etching
may be less than one half micrometer, while a grain dimen-
sion within a plane of the copper layer before etching may be
greater than one micrometer. The fabrication techniques for
forming patterned copper features that are provided by the
present embodiments provide a manner in which resistance
may be reduced within a patterned copper feature. This is
accomplished by reducing the number of grain boundaries
encountered along a length of a patterned feature in compari-
son to conventional approaches such as dual Damascene fab-
rication. In the dual Damascene approach, for example, in
order to fabricate a copper feature having a linewidth of 200
nm, copper is deposited within small cavities or trenches that
are 200 nm wide. The processes involved in filling such
narrow cavities and polishing excess metal to remove the
metal where appropriate may inherently limit or reduce the
grain size of such metal.

In various embodiments, a hydrogen-based plasma is used
to provide gaseous species to a substrate for copper etching,
which may form patterned copper structures such as intercon-
nects. The hydrogen-based plasma may provide, for example,
hydrogen ions, impurity ions, radicals, and ultraviolet radia-
tion. Gaseous species may be directed to a substrate from a
plasma chamber in which the hydrogen-based plasma is
formed. In particular embodiments, the gaseous species may
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be provided through an extraction plate adjacent the plasma
chamber. The gaseous species including hydrogen ions,
impurity ions, and radicals may be directed to a substrate in
such a matter that generates an anisotropic etch profile in a
copper layer. Although gaseous species such as radicals may
be non-ionized and have neutral charge, both radicals and
ions may stream out of a plasma chamber and impact a copper
layer in a manner that provides improved etching of the cop-
per layer. This process may be effective to form a copper
interconnect having a critical dimension of less than 1000 nm
and in some examples 100 nm or less.

The present embodiments address the current challenges
for subtractive etching of copper, copper alloys or other hard-
to-etch metal films by providing novel plasma compositions
and etching configurations for etching a substrate. In various
embodiments, a small fraction of impurity gas is provided in
addition to hydrogen to form a plasma that includes hydrogen
ions and impurity ions to be directed to a copper layer. The
term “impurity” as used herein with respect to gas species or
ions, may refer to an additive to a main species in a hydrogen-
based plasma, such as hydrogen gas or hydrogen ions,
wherein the hydrogen species forms the greater fraction of
gas species. By tailoring the composition of a hydrogen-
based plasma as well as the geometry for providing species
from the plasma to a substrate, etching of copper layers is
improved in comparison to known approaches. In some
instances the impurity species may form a part of a gas such
an nitrogen in NH; gas.

In various embodiments, a fraction of impurity gas, such as
0.2% (0.002) to 10% (0.10) impurity gas is added to H, gas to
form an etching plasma for etching copper layers. In particu-
lar embodiments, a fraction of impurity gas, such as 0.5%
(0.005) to 5% (0.05) impurity gas is added to H, gas to form
an etching plasma for etching copper layers. Unless otherwise
noted, the terms “copper layer” or “copper” as used herein
may include pure copper as well as alloys of copper. The
impurity gas may include nitrogen, oxygen, fluorine, argon,
neon, methane, or ammonia in some examples. The embodi-
ments are not limited in this context.

FIG. 1 illustrates a processing apparatus 100 consistent
with various embodiments of the disclosure. The processing
apparatus 100 includes a plasma chamber 102 and an extrac-
tion plate 104 disposed along a side of the plasma chamber
102. The extraction plate 104 is disposed between the plasma
chamber 102 and a process chamber 106, which is configured
to house a substrate holder 108 and substrate 110. As illus-
trated, the substrate holder 108 may be movable with the aid
of a stage 112 along the X-axis, Y-axis, or Z-axis, or any
combination thereof with respect to the Cartesian coordinate
system shown. In various embodiments, the substrate holder
108 may be configured to rotate within the X-Y plane or tilt
with respect to the X-Y plane.

The processing apparatus 100 also includes a plasma
source 114, which may be used to generate a plasma 116 in
the plasma chamber 102. For example, the plasma source 114
may, in various embodiments, be an in situ source or remote
source, an inductively coupled plasma source, capacitively
coupled plasma source, helicon source, microwave source,
arc source, or any other type of plasma source. The embodi-
ments are not limited in this context.

The processing apparatus 100 includes a gas source assem-
bly 117 that includes a gas source 118, which may supply to
the plasma chamber 102 hydrogen (H2) gas in some embodi-
ments, or a hydrogen-containing gas such as ammonia
(NH3). The gas source assembly 117 may also include a gas
source 120, which supplies an impurity gas such as nitrogen,
oxygen, or fluorine in some examples. In operation, the pro-
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cessing apparatus 100 may generate a plasma 116 that con-
tains hydrogen ions 122 as well as impurity ions 124. The
hydrogen ions may be generated when hydrogen from the gas
source 118 is supplied to the plasma chamber 102. In some
examples gas pressure within the plasma chamber 102 may be
less than 100 mTorr. The impurity ions may be generated in
one instance when gas from the gas source 120 flows into the
plasma chamber 102. The gas source assembly 117 may
include a controller 119 that is coupled to the gas source 118
and gas source 120, and is configured to control the ratio of
hydrogen gas to impurity gas in the plasma chamber 102. In
addition to ions, when a plasma 116 is generated, radicals 126
may be generated in the plasma chamber 102. The radicals
126 may include hydrogen radicals that are effective to react
with a copper surface as discussed below.

As suggested in FIG. 1, the hydrogen ions 122, impurity
ions 124, and radicals 126 may exit the plasma chamber 102
via an extraction aperture 128 provided in the extraction plate
104. For example, the hydrogen ions 122 and impurity ions
124 may be extracted from the plasma chamber 102 and
directed as an ion beam 130 to the substrate 110 when a
desired extraction voltage is established between the plasma
chamber 102 and substrate holder 108 using the extraction
voltage supply 132. In some embodiments, the ion beam 130
may be supplied as a continuous ion beam or may be supplied
as a pulsed ion beam where extraction voltage supply 132
supplies a pulsed extraction voltage. As further shown in FIG.
1 the substrate holder 108 may be scannable along a direction
136 that lies parallel to the Y-axis. In one implementation the
extraction aperture 128 may be an elongated slot that has a
short dimension, or aperture width, along the Y-axis that is
less than the dimension of the substrate 110, as suggested by
FIGS. 1A-1C, while the long dimension of the extraction
aperture 128 parallel to the X-axis is equal to or exceeds the
dimension of the substrate 110 along the X-axis. Accordingly,
when the substrate holder 108 is scanned a sufficient distance
along direction 136, the entirety of substrate 110 may be
exposed to ion beam 130.

In addition to ions from the ion beam 130, radicals 126,
which may include hydrogen radicals, may be supplied to the
substrate 110 from the plasma chamber 102. The radicals 126
may be generated by energetic processes that take place
within the plasma 116, and may be useful for the etching of
copper layers as detailed below.

In particular, the present inventors have found that the etch
rate of copper may be greatly enhanced using a plasma-based
hydrogen-containing beam that includes impurity ions in
comparison to the etch rate generated by a hydrogen ion beam
provided by a beamline ion implanter. FIG. 2 depicts the etch
rate results for etching of copper layers using 3 keV hydrogen
ions in three different apparatus. The etch rate is shown as a
total amount of layer thickness removed as a function of ion
dose provided to a copper layer. The curve 202 represents
etched copper thickness using a beamline ion implanter. In a
beamline ion implanter the ion beam provided to a substrate
is mass analyzed so that just a particular ion mass is provided
to the substrate, which in this case represents H,". The etch
rate given by curve 202 suggests that between 11 and 12 nm
of copper are etched for an ion dose of 1E18/cm?. This etch-
ing may be due to sputtering of the copper by energetic
hydrogen ions, which is a physical process that entails
momentum transfer between the incident ions and atoms
within the copper layer being exposed to the ion beam.

It is to be noted that the total amount of copper (11 nm)
removed after the copper layer is subjected to a high dose of
1E18/cm? hydrogen ions is relatively low. Accordingly, it will
be appreciated that the use of a hydrogen ion beam of pure
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hydrogen may be ineffective to etch copper at an etch rate that
is compatible with a commercially viable process. Further
tests were conducted to determine etch behavior of copper
when subjected to plasma-based apparatus in which a sub-
strate is located proximate the plasma. In this type of appa-
ratus, because mass analysis of ions may not be performed,
ions of different mass or mass/charge ratio as well as free
radicals may be simultaneously provided to the substrate. The
present inventors have in particular investigated the copper
etch behavior when a small amount of impurity gas is added
to a hydrogen gas to form a plasma that is used as a source of
copper etching. Curve 204 illustrates the copper etch rate
when a copper layer is subjected to ions in a conventional
plasma immersion tool in which the substrate is placed in a
hydrogen plasma formed when nitrogen gas is added to
hydrogen gas where the partial pressure of the nitrogen gas is
2.5%. As can be seen, the copper etch rate is greatly enhanced
so that 130 nm of copper are etched by an ion dose of SE17/
cm?. Curve 206 illustrates the copper etch rate when a copper
layer is subjected to ions provided in an apparatus arranged
according to the embodiment of FIG. 1. In this example a
hydrogen-based plasma is formed in a plasma chamber when
nitrogen gas is added to hydrogen gas where the partial pres-
sure of the nitrogen gas is 2.5%. An ion beam is then extracted
from the plasma chamber and directed to a copper layer in an
adjacent process chamber. Radicals may also diffuse out of
the plasma chamber and participate in etching of the copper
layer. As can be seen, the copper etch rate is enhanced so that
140 nm of copper are etched by an ion dose of SE17/cm?. This
corresponds to an effective etch rate of copper of greater than
one atom of copper per ion.

This enhancement may be caused in part by the presence of
species such as hydrogen based radicals, which may form in
aplasma chamber in addition to the hydrogen ions and impu-
rity ions. Such radicals, which may carry no charge, never-
theless may impinge upon the copper surface and may inter-
act with the copper layer to increase copper etching as
discussed below with respect to FIGS. 3A-3C. On the other
hand, the present inventors have found that when a hydrogen
plasma that is generated remotely from a substrate with no
extraction bias applied, no etching of copper takes place.
Accordingly, the present embodiments employ techniques
and apparatus that provide energetic hydrogen ions and radi-
cals to a substrate together with impurity ions in order to carry
out copper etching.

FIG. 3A, FIG. 3B, and FIG. 3C depict three different
instances during copper etching according to various embodi-
ments of the disclosure. In FIG. 3A there is shown a substrate
300 having a substrate base 302 upon which a copper layer
304 is disposed. The substrate base may be an insulator,
semiconductor or other metal, for example. In some embodi-
ments the thickness of the copper layer 304 may be several
micrometers or less, and in some cases the thickness may be
less than one half micrometer, or less than 200 nm. However,
the embodiments are not limited in this context. In order to
pattern the copper layer 304 by etching, a mask having mask
features 306 is disposed on the copper layer 304. As shown in
FIG. 3A ions 308 are directed to the substrate 300 while the
mask features 306 are in place. The mask features may be for
example, a photoresist, a metal, oxide, nitride, or other mate-
rial that is different than copper. The mask features 306 may
intercept the ions 308 so as to prevent the ions from striking
regions of the copper layer 304 that lie beneath the mask
features 306. The ions 308 may contain a mixture of hydrogen
ions and impurity ions, such as nitrogen ions, oxygen ions, or
fluorine ions. However, the embodiments are not limited in
this context.
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In order to generate etching of the copper layer 304, in
some embodiments, the ions 308 may be directed to the
substrate 300 with an energy of 10 keV or less. As discussed
above with respect to FIG. 1, this energy may be supplied by
generating a voltage difference between a plasma chamber
and a substrate chamber or substrate holder within the sub-
strate chamber, which may be at the same potential as the
substrate chamber in some instances. As further illustrated in
FIG. 3 A radicals 310 also impinge upon the substrate 300 and
may strike various surfaces of the substrate 300. These radi-
cals may be hydrogen radicals that form in a plasma chamber
when the ions 308 are generated. The radicals 310 may have
relatively low kinetic energy such as below 1 eV since the
radicals 310 may carry no charge and may therefore stream
out of a plasma chamber toward the substrate 300 without
experiencing an accelerating field (not shown) that is
imparted to the ions 308. However, the radicals 310 may be
effective to form a surface layer 312 on an outer surface of the
copper layer 304. The surface layer 312 may be a semi-
volatile copper hydride or a volatile copper hydride whose
thickness is a few nanometers or less in some cases, such as
one nanometer or less. In the absence of energetic bombard-
ment by ions or other species such a surface layer 312 may be
insufficiently volatile to cause appreciable etching of the cop-
per layer 304. For example, after forming a surface layer 312
of a given thickness, such as 1-2 nm, a copper hydride may
self-passivate the surface of a copper layer such that the
thickness of the copper hydride layer does not continue to
grow. Accordingly, if the copper hydride is insufficiently
volatile little of no effective etching of copper may take place.

However, the surface layer 312 may be subject to etching
by the ions 308 such that copper is removed. Thus, radicals
310 may form a surface layer 312 that is subject to etching by
ions 308. These different processes may interact to continu-
ously etch the copper layer 304. In other words, hydrogen
radicals may act to form a copper hydride layer as represented
by the surface layer 312, while ions 308 may be effective to
remove the surface layer 312 including copper atoms in that
layer. The removal of the copper hydride layer by ions 308
may thus expose a fresh copper surface that is reacted with
additional hydrogen radicals to form additional copper
hydride, which is subject to etching by the ions 308, and so on.
In addition, vacuum ultraviolet photons (not shown) may also
be generated in a plasma and directed to the substrate 300 to
further assist in etching of the copper layer 304.

It is to be noted that gas mixtures in which a small fraction
of impurity gas is added to hydrogen gas, such as 0.5% to 5%,
may generate ions 308 that produce an enhanced copper etch
rate as shown in FIG. 2. In particular, the ions 308 may
include a mixture of hydrogen ions as well as impurity ions.
In some examples, the hydrogen ions may comprise a mixture
a mixture of atomic hydrogen ions and molecular hydrogen
ions, such as a mixture of H,*, H;*, and H*. The higher mass
molecular hydrogen ions such as H;* may be more effective
in removing the surface layer 312 than H*, for example, and
may therefore contribute to an increased copper etch rate.

Turning now to FIG. 3B there is shown a later instance of
etching the copper layer 304 in which features 320 have been
defined by etching of the copper layer in the presence of the
mask features 306. In various embodiments, the ions 308 and
radicals 310 may selectively etch the copper layer 304 with
respect to the mask features 306 such that the etch rate of
copper layer 304 is greater than that of mask features 306. At
the instance depicted in FIG. 3B, the copper layer 304 has
been partially etched such that a portion of the copper layer
304 remains in the open regions 322 that are not covered by
the mask features 306. As further illustrated in FIG. 3B the
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ions 308 and radicals 310 may etch the copper layer 304 in an
anisotropic manner such that vertical etching along a direc-
tion parallel to the Z-axis is greater than horizontal etching
along a direction parallel to the Y-direction. This creates the
features 320 in the copper layer 304, which in some instances
may mimic the size and shape of mask features 306 within the
X-Y plane.

Referring again also to FIG. 1, in particular embodiments,
the ions 308 and radicals 310 may be provided by the pro-
cessing apparatus 100. In some embodiments, the extraction
plate 104 may be configured to modify the shape of a plasma
sheath boundary 140, which may create, for example, a con-
vex shape of the plasma sheath boundary 140 near the extrac-
tion aperture 128 with respect to a plane P of the substrate
110. When ions such as the ions 308 are extracted through the
extraction aperture 128, the ions 308 may exit the plasma
sheath boundary 140 along different trajectories by virtue of
the curvature of the plasma sheath boundary 140, such that the
ions assume trajectories over a range of angles of incidence
with respect to a perpendicular (not shown) to the plane P,
which perpendicularly lies along the Z-axis. By varying pro-
cess conditions including plasma power to generate the
plasma 116, extraction voltage, gas pressure within plasma
chamber 102, size of the extraction aperture along the Y-axis,
among other features, the exact shape of the plasma sheath
boundary may be adjusted. In this manner, the ion angular
distribution of ions 308 may also be adjusted. The term “ion
angular distribution” (IAD) refers to the mean angle of inci-
dence of ions in an ion beam with respect to a reference
direction such a perpendicular to a substrate, as well as to the
width of distribution or range of angles of incidence centered
on the mean angle, termed “angular spread” for short. The ion
angular distribution may involve a mean angle for ion trajec-
tories of the ion beam that forms a non-zero angle with respect
to a perpendicular to the plane P of the substrate. In various
embodiments, the ion angular distribution of an ion beam
may be adjusted by adjusting alone or in combination settings
in a processing apparatus such as processing apparatus 100,
where the settings include RF power supplied to a plasma
chamber that generates the ions, extraction voltage used to
accelerate ions to a substrate, gas pressure in a plasma cham-
ber, extraction aperture width, and other settings as known.

The ability to tailor the IAD of the ions 308 may facilitate
tailoring the etch process for etching copper in accordance
with the size, shape, and thickness of copper features to be
etched. For example, as etching proceeds, redeposition of
copper-containing species may cause the shape of a copper
feature being etched to deviate from a desired shape. One
manner to address this situation is to tailor the ion angular
distribution of ions 308 so that copper etching is selectively
emphasized in some regions as opposed to others.

In some implementations, and as illustrated in FIGS. 3A
and 3B, the ion angular distribution of ions 308 may be
dynamically adjusted during etching. As shown in FIG. 3A,
for example, at an initial stage of etching, ions 308 may be
directed to the substrate 300 with an ion angular distribution
316. For the purposes of illustration it may be assumed that
the ion angular distribution 316 is characterized by a narrow
distribution of angles of incidence centered on a perpendicu-
lar to the plane P. This IAD may be effective to rapidly etch the
copper layer 304, which may present a planar surface that is
parallel to the plane P during initial etching. At a subsequent
etching stage shown in FIG. 3B, the copper layer 304 has been
etched to define features 320 which have developed sidewalls
326 and corner regions 328. As also shown in FIG. 3B, sur-
face layers 312 have formed along the sidewalls 326 due to
the impingement of radicals 310, which may strike the sub-

40

45

8

strate including sidewalls 326 having less directionality than
the ions 308. Thus, once the copper layer 304 has been etched
in the open regions 322, surface layers 312 may form on
copper surfaces that are not parallel to the X-Y plane. As
etching proceeds, in order to impart the desired profile to the
features 320, it may be desirable to concentrate ions 308 in
certain portions of the surface layers 312 as opposed to other
portions. In one instance, an ion angular distribution 318 may
be imparted into the ions 308 that is different than ion angular
distribution 316. In one example, the ion angular distribution
318 may be broader than the ion angular distribution 316.
This may provide ions 308 with some trajectories that deviate
further from perpendicular to the plane P, and thus may be
more effective in reaching certain portions such as corner
regions 328. In some examples, the ion angular distribution
318 may be a bimodal distribution of angles of incidence. For
example, the ions 308 in the example of FIG. 3B may have
trajectories that are centered around two angular modes at
+/-30 degrees with respect to perpendicular to the plane P.

At a still later instance shown in FIG. 3C, the features 320
may be completely etched to the substrate base 302, forming
the isolated features 330 as shown. At this stage, another ion
angular distribution 324 may be imparted into ions 308 as
shown. In this case, the ion angular distribution 324 may be
broader than the ion angular distribution 318. This may be
appropriate to direct a higher fraction of ions 308 to the corner
regions 328 and sidewalls of the isolated features, which may
include residual amounts of surface layer 312.

FIG. 4A depicts exemplary hardmask features, indicated as
hardmask features 404, which are disposed on a copper layer
402 before etching while FIG. 4B depicts a profile of the
copper layer 402 and hardmask features 404 after etching
using an apparatus and process in accordance with embodi-
ments of the disclosure. The cross-sectional views are based
upon electron microscopy images recorded from a 200 nm
thick copper layer subjected to etching in a processing appa-
ratus in which a beam of ions were extracted from a plasma
formed from a gas mixture of N,/H, in which the N, formed
2.5 molar % of the gas mixture, meaning that a ratio of
N,/(N,+H,) is 0.025. In this example, an initial thickness of
hardmask features 404 is 70 nm. After etching, as shown in
FIG. 4B, the copper layer 402 to a depth of 50 nm, copper
features 406 are formed. The copper features 406 are repre-
sentative of an anisotropic etch process although in some
instances the sidewalls of copper features 406 may not be
completely vertical. In addition the thickness of the hardmask
features 404 is reduced to 50 nm after etching. Thus, the
process exemplified in FIGS. 4A and 4B exhibits an etch
selectivity of copper with respect to hardmask material.

FIG.5A, FIG. 5B, and FIG. 5C together depict examples of
copper etching according to further embodiments of the dis-
closure. In this case, a layer stack 502 is initially disposed on
a copper alloy layer 504, which is disposed in turn on a
substrate base 506 composed of nitride. The layer stack
includes a hardmask layer 508, nitride layer 510, and tungsten
layer 512. The cross-sectional view show in FIG. 5B is based
upon an electron microscopy image recorded when the cop-
per alloy layer 504 was subjected to etching in a processing
apparatus in which a beam of ions were extracted from a
plasma formed from a gas mixture of N,/H, in which the N,
formed 2.5 molar % of the gas mixture. In particular, FIG. 5B
illustrates the results after the entirety of copper alloy layer
504 was etched to expose the underlying substrate base 506.
In this example, the etched copper features 516 have reason-
ably vertical sidewalls. In addition, although a large fraction
of the hard mask layer 508 has been etched, the underlying
nitride layer 510 has not been etched.
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The cross-sectional view show in FIG. 5C is based upon an
electron microscopy image recorded when the copper alloy
layer 504 was subjected to etching in a plasma immersion
processing apparatus in which the plasma is formed from a
gas mixture of N,/H, in which the N, formed 2.5 molar % of
the gas mixture. In particular, FIG. 5C also illustrates the
results after the entirety of copper alloy layer 504 was etched
to expose the underlying substrate base 506. In this example,
the etched copper features 518 have reasonably vertical side-
walls, and the etch rate was observed to be acceptably rapid as
indicated by the results shown in FIG. 2. However, the hard
mask layer 508 has been completely etched, and the under-
lying nitride layer 510 has been partially etched.

The above results illustrate when N,/H, gas chemistry in a
plasma-based etching apparatus is maintained in a range that
provides rapid copper etch rates, the use of a ion beam
extracted from a plasma type apparatus such as that shown in
FIG. 1 may afford better etch selectivity of copper with
respect to at least some mask materials. It is believed that the
processing apparatus 100 may generate a higher concentra-
tion of H;* ions than a conventional plasma immersion appa-
ratus, and may thus provide a higher fraction of H;* ions to a
substrate. Because of their higher mass, the higher fraction of
H,™* ions may increase the effectiveness of removing a surface
copper hydride layer as noted above. In some particular
examples, such as the use of tantalum (Ta) as a hard mask, the
etch selectivity of Cu with respect to Ta that is generated by a
processing apparatus of the present embodiments may be
greater than 2, meaning that copper is etched more than twice
as fast as Ta.

In additional embodiments, to further improve the etch rate
of copper layers the substrate temperature of the substrate
containing a copper layer may be set at an elevated tempera-
ture, such as >180° C. to accelerate removal of a semi-volatile
etch byproducts. In further embodiments, a low substrate
temperature, such as below 20° C., may be employed to
increase selectivity.

In yet another embodiments the gas composition of gases
supplied to a plasma chamber may be dynamically varied
during etching of a copper layer. For example, the etch pro-
cess may start using a H, feed gas to supply the majority of
gas species with the addition of up to several percent impurity
gas. This may be useful to generate a rapid etch rate of the
copper layer as described above. Subsequently, the fraction of
impurity gas may be reduced or eliminated while a fraction of
inert gas is added to the hydrogen gas to complete the etch
process. The addition of Ar at the end of the process may
remove any potential sidewall redeposition material that
results from earlier stages of etching, and may remove
residual impurity atoms form the etched copper features (e.g.,
N and O) to avoid compromising the film properties. In par-
ticular embodiments, the angles of incidence of inert gas ions
such as Ar that are extracted through an extraction aperture
and provided to the substrate at this later stage of etching may
be controlled to improve the cleaning process. For example,
better results may be achieved using an ion beam having Ar
ions that have a bimodal distribution of angles of incidence
where the mode angle is greater than +/-20° with respect to
perpendicular.

In summary, the present embodiments address multiple
challenges presented for etching of copper structures in
scaled devices. The use of a minor fraction of impurity gas
additives, such as 2.5% added to a hydrogen plasma has been
found to be effective in increasing copper etch rate to values
that are comparable to commercially viable etch process for
non-copper etching, and may thus yield a competitive and
commercial copper etch process. Notably, the additional
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impurity gas or gasses added to the main hydrogen gas may or
may not be reactive, since the major role played by impurity
gas is to accelerate the removal of copper hydrides and thus to
increase the overall Cu etch rate. Examples of such an impu-
rity gas include, but are not limited to, N,, O,, F,, Ar, CH,,
NHj;, and Ne. The choice of the impurity gas and its ratio to H,
is useful, moreover, in order to maintain an anisotropic etch-
ing profile. Under circumstance of too little addition of an
impurity gas, such as below a few tenths of one percent, may
fail to increase copper etch rate significantly over pure hydro-
gen plasmas. However, if impurity gas composition is too
high, such as above 10%-20%, the copper etch profile and
etch selectivity is significantly compromised. The present
embodiments also cover etching of additional metals in which
a combination of hydrogen ions, impurity ions, and radicals
may be used to form metal hydride layers that are etchable in
the presence of ions.

The present disclosure is not to be limited in scope by the
specific embodiments described herein. Indeed, other various
embodiments of and modifications to the present disclosure,
in addition to those described herein, will be apparent to those
of ordinary skill in the art from the foregoing description and
accompanying drawings. Thus, such other embodiments and
modifications are intended to fall within the scope of the
present disclosure. Furthermore, although the present disclo-
sure has been described herein in the context of a particular
implementation in a particular environment for a particular
purpose, those of ordinary skill in the art will recognize that
its usefulness is not limited thereto and that the present dis-
closure may be beneficially implemented in any number of
environments for any number of purposes. Accordingly, the
claims set forth below should be construed in view of the full
breadth and spirit of the present disclosure as described
herein.

What is claimed is:

1. A method for etching a metal layer on a substrate, com-
prising:

providing a hydrogen-containing gas and an impurity gas

to a plasma chamber;

generating a plasma from the hydrogen-containing gas and

the impurity gas in the plasma chamber, the plasma
comprising hydrogen-containing ions; and

providing gaseous species from the plasma chamber to the

substrate, wherein the providing the gaseous species
comprises directing an ion beam comprising the hydro-
gen-containing ions formed from the plasma through an
extraction aperture of an extraction plate to the substrate,
wherein the hydrogen-containing gas is H,, and the
impurity gas is nitrogen (N,), the method comprising
providing a mixture of N,/H, to the plasma chamber.

2. The method of claim 1, wherein the hydrogen-contain-
ing ions comprise a mixture of atomic hydrogen ions and
molecular hydrogen ions.

3. The method of claim 1, wherein the gaseous species
comprise hydrogen radicals that are effective to generate a
metal hydride layer at a surface of the metal layer.

4. The method of claim 1, wherein a ratio of N,/(N,+H,) is
0.002 to 0.10.

5. The method of claim 1, further comprising adding the
impurity gas at a first instance during the directing the ions,
removing the impurity gas from the plasma at a second
instance subsequent to the first instance, and adding inert gas
to the plasma at a third instance subsequent to the first
instance.

6. The method of claim 1 further comprising directing the
ions at a non-zero angle with respect to a perpendicular to a
substrate plane.
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7. The method of claim 1, wherein the directing the ions
comprises modifying a shape of a plasma sheath boundary
proximate the extraction aperture using the extraction plate,
wherein the ions are directed to the substrate over an ion
angular distribution that comprises a range of angles of inci-
dence.

8. The method of claim 7, comprising dynamically adjust-
ing the ion beam wherein the ion beam has a first ion angular
distribution at a first instance and a second ion angular distri-
bution at a second instance subsequent to the first instance.

9. The method of claim 1 wherein the metal is copper,
wherein an effective etch rate of the ion beam is greater than
1 atom of copper per ion.

10. The method of claim 9, wherein the gaseous species
provide an etch selectivity of Cu with respect to Ta that is
greater than 2.

11. A method for etching a copper layer on a substrate,
comprising:

providing a mixture comprising hydrogen-containing gas

and an impurity gas to a plasma chamber;

providing an extraction plate having an extraction aperture

between the plasma chamber and substrate;
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generating a plasma from the hydrogen-containing gas and
the impurity gas in the plasma chamber, the plasma
comprising hydrogen-containing ions and impurity
ions;

applying an extraction voltage between the plasma cham-

ber and substrate, wherein

gaseous species comprising an ion beam containing hydro-

gen-containing ions and impurity ions, and hydrogen
radicals are directed from the plasma chamber through
the extraction plate to the substrate,

wherein a ratio of the impurity gas to hydrogen-containing

gas is 0.2% to 10%.

12. The method of claim 11, wherein the mixture is a
mixture of N, gas and H, gas, wherein a ratio of N,/N,+H,) is
0.005 to 0.05.

13. The method of claim 11, wherein the gaseous species
comprise hydrogen radicals that are effective to generate a
metal hydride layer at a surface of the metal layer, and
wherein the hydrogen ions are effective to remove the metal
hydride layer.



