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Method for Etching a Silicon-Containing Substrate
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CROSS REFERENCE TO RELATED APPLICATIONS
(G011 The preseni application claims the benefit of U.S. Provisional Patent
Application No. 62/209,662, filed on August 25, 2015, entitled “Method for Eiching a

Silicon-Containing Substrate,” which is incorporated herein by reference in ils

entirety.
BACKGROUND OF THE INVENTION
10002} This relates to semiconductor fabrication including seiching of

substrates such as wafers.

[0603] Fabrication of integrated circuits (IC) in the semiconductor industry
typically employs plasma processing (o create and assist surface chemistry
necessary to remove material from and deposit material to a substrate within g
plasma processing chamber. Examples of plasma processing apparatus include a
plasma CVD (Chemical Vapor Deposition) apparatus configured to deposit a thin film
on a substrate, and a plasma etching apparatus configured to remove material from
a substrate, which can include using an etch mask o define locations for removing
material. In general, such plasma processing apparatus form plasma under vacuum
conditions by flowing a process gas into a processing chamber and heating electrons
to energies sufficient to sustain ionizing collisions. Moreover, the heated elecirons
can have energy sufficient to sustain dissociative collisions and, therefore, a specific
sat of gases under predetermined conditions {e.g., chamber pressure, gas flow rate,
glc.) are chosen to produce a population of charged species and/or chemically
reactive species suitable to a particular process being performed within the chamber
{e.q., etching processes where materials are removed from the substrate or
deposition processes where materials are added to the substrate).

SUMMARY

[0004] Selective etching of silicon is typically executed by using dry, plasma-
based etching in which hydrogen bromide (HBr) is used as an eichant gas (among
other gases) in a particular process gas or process gas mixture. During eiching of

silicon, oxygen is typically present in the chamber. Reacting with the oxygen during
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silicon eichings, HBEr generates significant amounts of a non-volatile byproduct in
form of Si.Br,C; or SiyBry. This bromine-containing byproduct accumulates on
chamber walls of a plasma processing chamber used for eiching. The accumulated
byproduct then desorbs to the gas phase and re-deposits on a substrate being
processed or eiched. This re-deposition can result in clogging of narrow features,
eich profile distortion and limited etching depth at high aspect ratios.

[G005] Technigues herein, however, provide a chamber and substrate
cleaning solution for etching and removing byproducts betwesen separate etching
steps. Such techniques include using a cleaning step based on fluorine chemistry,
which is executed in between separate etch steps or divided etch steps. Such a
technique can be executed in situ for improved efficiency. Other benefits include
increasing etching depth/aspect ratios, and preventing post-etching defects including
physical contact with neighboring gates, etc.

[0006] Of course, the order of discussion of the different steps as described
hersin has been presented for clarity sake. In general, these steps can be
performed in any suitable order. Additionally, although each of the different featurss,
techniques, configurations, elc. herein may be discussed in different places of this
disclosure, it is intended that each of the concepts can be executed independently of
gach other or in combination with each other. Accordingly, the present invention can
be embodied and viewed in many different ways.

(G007 Note that this summary section does not specify every embodiment
and/or incrementally novel aspact of the present disclosure or claimed invention.
Instead, this summary only provides a preliminary discussion of different
embodiments and corresponding points of novelty over conventional techniques.

For additional details and/or possible perspectives of the invention and embodiments,
the reader is directed o the Detailed Description section and corresponding figures
of the present disclosure as further discussed below.

BRIEF DESCRIPTION OF THE DRAWINGS

(00081 A more complete appreciation of various embodiments of the invention
and many of the attendant advantages thereof will become readily apparent with
reference to the following detailed description considered in conjunction with the
accompanying drawings. The drawings are not necessarily 1o scale, with emphasis

instead being placed upon illustrating the features, principles and concepts.
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[000%] FIG. 1is a cross-sectional schematic views of an example substrate
sagment to be processed.

[0010] FIG. 2 is a cross-sectional schematic views of an example subsirate
sagment showing accumulated byproduct.

100117 FIG. 3 is a cross-sectional schematic views of an example substrate
segment showing accumulated byproduct.

[0012] FIG3. 4 is a cross-sectional schematic views of an example substrate
segment showing a process flow according to embodiments disclosed herein.
[0013] FIG. 5 is a cross-sectional schematic views of an example subsirate
segment showing a process flow according to embodiments disciosed herein.
(00147 FIG. 8 is a cross-sectional schematic views of an example substrate
segment showing a process flow according to embodiments disclosed herein.
[0015] FIG. 7 is a cross-sectional schematic views of an example substrate
segment showing a process flow according to embodiments disclosed herein.
DETAILED DESCRIPTION

100186 Aspect ratio dependent etching limits sub-10 nm scale process
performance. For exampie, one limitation for efching struciures at smaller nodes is
due to physical blockage of targeted features during etching {o transfer a mask
pattemn. As aspect ratics increase and critical dimensions shrink it becomes more
difficult to etch features as specified or as designed.

[0017] Selective etching of silicon is typically executed by using dry, plasma-
based etching in which hydrogen bromide (HEBr) is used as an etchant gas among
other gases in g particular process gas. During eiching of silicon, oxygen is typically
present in the chamber. Reacling with the oxygen during silicon etching, HBr
generates significant amounts of a non-volatile byproduct in form of SiBr,O; or
SixBry. This bromine-containing byproduct accumulates on chamber walls of a
plasma processing chamber used for etching. The accumulated byproduct then
desorbs to the gas phase and re-deposits on a substrate being processed or eiched.
This re-deposition can result in clogging of narrow features, etch profile distortion
and limited eiching depth at high aspect ratios.

[0018] FIG. 1 shows an example substrate segment 105 to be etched. This
substrate segment includes a hardmask 110 that is a relief pattern used {o mask
etchants during a pattern fransfer step. The hardmask 110 is positioned on a silicon

laver 112. The silicon laver 112 can include one or more buried structures, such as
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afin 117 of a FinFET device. An etch process is commenced that uses a bromine-
containing or chiorine-containing process gas fed into an eich chamber within which
the subsirate is positioned. A direclional etching process then eiches a first poriion
of the silicon layer according o a patiern defined by the hardmask 110.

100197 FIG. 2 shows resulis of etching a first portion of the silicon layer 112.
Note that a broming-containing {or chioring-containing) byproduct 121 is deposited
on chamber walis 120 and on the hardmask 110 and structures being eiched. Re-
deposition of byproduct 121 is typically isotropic, and thus more byproduct material
accumulates on top surfaces of the substrate, which in this scheme includes top
portions of the hardmask. Some fabrication techniques use a two-part etch process,
especially when uncovering buried structures. An example application for this two-
part elch process is executing a first elch process o uncover malerial above top
surfaces of the buried structures, and then executing a second etch process that
clears material from around the now uncovered structures,

(00201 The first etch process to remove silicon material in a given substrate
unttil reaching a predetermined depth or until uncovering buried structures is often
referred 10 as a “main etch.” After uncovering any buried features, these features
may need to have material surrounding these features removed. Removing the
surrounding material is often referred to as an “over eich” because uncovered
structures and floor surfaces will be exposed to potentially damaging efchants while
remaining material is removed.

[oo211 With the first etch process, a relatively more aggressive or relatively
less selective etch process can optionally be used. For the second etch process, it
is advantageous 1o use an eich chemistry with a high selectivity to material of the
uncovered structures and to floor material because these materials will be exposed
to etchants for a relatively long duration as eichants work 10 remove surrounding
material. Unfortunately, such over etch steps can increase byproduct re-deposition
on the substrate. Noie that there may already be some byproduct release from
chamber walls and re-deposition on the subsirate even without using different etch
parameters as compared o eich parameters used for the main etch. In other words,
even using highly selective chemisiries for both etching steps, there will be
byproduct creation and re-deposition, which is problematic at smaller critical

dimensions.
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100221 As noted above, with decreasing feature size, such as at the 10
nanometer node and below, the byproduct re-deposition can be sufficient to partially
or fully block an over eich operation as byproduct accumulates on the substrate
surface, typically at top portions of the mask layer. FIG. 3 lliustrates bypreduct re-
deposition bridging between two adjacent structures of the hardmask 110 to block a
path of directional efchanis. In a more specific example, as silicon is elched from the
subsirate, silicon can combine with bromine or combineg with bromine and oxygen
and then deposit on chamber walls after formation. This bromine-containing
byproduct that accumulated on chamber walls then desorbs {0 a gas phase and re-
deposits itself on a substrate being processed as shown below. This re-deposition
can result in clogging of relatively narrow features, eich profile distortion, limited
giching depth at high aspect ratios, and even full etch stop.

[G023] Technigues herein, however, provide a chamber and substraie
cleaning solution for etching and removing byproducis between separate etching
steps. Such technigues include using a cleaning step based on fluorine chemistry
and executed in belween separate etch steps—all of which can be executed in situ
for improved efficiency. Cther benefifs include increasing etching depth/aspect
ratios, and preventing post-etching defects including physical contact with
neighboring gates, sic.

[G024] Infroducing an in situ chamber cleaning step, herein, between separale
eich steps can remove or reduce SiBrO byproducts. There are various fluorine-
corttaining gases that can be used. For example, CF4 can be selected for use.
When energized, CF, breaks down in one or more forms releasing one or more
atomic fluorine ions. Atomic fluorine can then react with Si,Br,O, (solid) to form SiF,
which is a gas that can be pumped out of a corresponding plasma processing
chamber. Moreover, atomic fluorine does not damage structures such as fins
covered by bulk silicon. Note that a small portion of byproduct accumulated during
the over etch step can result in re-deposition onto the substrate, but this re-
deposition is not significant for preventing or obstructing the over etch step.

[0025] One embodiment includes a method for processing a substrate, such
as within a plasma processing system. Plasma processing systems are well known
in semiconductor fabrication. Such systems typically include a chamber that can be
vacuum sealed, a substrate holder for holding a substrate such as a wafer, a gas

delivery system for flowing gasses into the chamber, and one or more power
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systems to energize process gas 1o create plasma. The subsirate holder can be
connected to a power source 1o provide an electrical bias that directionally draws
ions toward the substrate. An exhausi system removes volalile pariicles from the
processing chamber.

10028 A subsirate is positioned in a chamber of the plasma processing
system. The substrate has a masking layer positioned over a silicon-containing layer
or over a germanium-containing layer. The masking layer defines openings less
than 40 nanometers. In other words, contact openings or frenches of the masking
layer can be less than 40 nanometers in width. FIG. 4 illustrates an example
substrate segment.

(00271 A first efching process is executed that anisotropically efches a first
portion of the silicon-containing layer using the masking layer as an sich mask. This
first elching process uses a plasma formed from a first process gas that includes a
bromine-containing gas or a chiorine-containing process gas. Note thati this first
eiching process can include multiple sub-processes, which are essentially
adjustments of process parameters (varying gas ratios, pressures, included gases,
et cetera). Prior to the first efching process, a “breakinrough” efch can initially be
performed to remove any native oxide and/or silicon on top of the masking layer as
needad. During the one or more first elching processes, various pressures can be
used. For example, pressure can be adjusted between 5 millitorr and 50 millitorr or
more or less. Other process gasses can be included in the firsi process gas
delivered to the plasma processing chamber. These gasses can include oxygen,
diluent gases and noble gasses, such as argon, among others. Various ratios of HBr
can be used depending on particular etch objectives or fabrication specifications.
FIG. &5 shows an example resull.

10028] After the first etching process is completed, a chamber cleaning step is
executed that includes removing chamber wall residue using plasma formed from a
second process gas that includes a fluorine-containing process gas. Chamber wall
residue can include products from the first etching process. The chamber cleaning
step is exsecuted while the substrate is positionad in the chamber of the plasma
processing system. Removing chamber wall residue can include removing SikBr,O;,
wherein X and y are non-zero (greater than zero), though z can be zero or greater.
Note that in some embodiments the first elching process can be completed prior to

flowing the second process gas. [n other embodiments, the second process gas
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{gas midure) can be introduced at the end of the first etching process, after which
flow of the process gas is shut off. Thus, there can be an overlap or a complete stop
between the first eiching process and the chamber cleaning step. The chamber
cleaning step can be executed as an isotropic etch so that atomic fluorine can
contact bypreducts on chamber walls. FIG. 6 shows an example resuit.

(G028 A second efching process is executed that anisotropically eiches &
second portion of the silicon-containing laver using the masking layer as an eich
mask, and using plasma formed from a third process gas (process gas mixture) that
includes a bromine-containing gas or a chiorine-containing gas. The first etching
process and the second etching process create a space or defined opening (such as
a french or hole) in the substrate having an aspect ratic value greater than 7.0 as
calculated from a top of the masking layer to a boltom of the second portion of the
silicon-containing layer. By way of a non-limiting example, this aspeci ratio can be
measured from & top of the hardmask {o a bottom of fin structures. The FIG. 7
Hlustrates an example resull.

[0030] in other embodiments, executing the first etching process that
anisoiropically etches the first portion of the silicon-containing layer can include
etching the silicon-containing layer until reaching one or more buried structures
within the silicon-containing layer. Moreover, the one or more buried structures
within the silicon-containing layer can include a fin of a FinFET structure, which is a
fin structure of a field effect transistor. Executing the second efching process that
anisotropically etches the second portion of the silicon-containing layer can include
giching a remaining portion of the silicon-containing layer until silicon-containing
layer material is removed from around the fin structure of the FinFET device. In
other words, siicon material is cleaned from around the fins.

10031} In other embodiments, the second process gas can include an oxygen-
containing gas. Executing the chamber cleaning step can include forming an oxide
laver on exposed verlical surfaces of the silicon-containing layer having been
exposed from the first efching process. This can be beneficial to prevent bowing of
silicon sidewalls created from the first elching process. Depending on sich
parameters and substrate configuration, products from the flucrine-based plasma
can remove silicon material along sidewalls of eiched struciures. A cross-sectional
view can show bowing or a curving in of the sidewalls. This is undesirable as such

bowing can weaken structures and lead io pattern collapse and device failure.
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Adding oxygen to the second process gas, however, can resull in an oxide layer
heing formed on exposed sidewalls. This oxide layer protects silicon sidewalls
during the cleaning process. Embodiments can include controlling critical
dimensions of features being eiched by controlling a carbon-to-fluorine ratio during
the chamber cleaning step. Adding oxygen o the second process gas, thereby
modifying the carbon-to-fluorineg ratio can function to reduce bowing for improved
profile. When CF4 reacts with O, there is more free flucrine because carbon atoms
can be consumed by O, or react with oxygen. With more fluorine there is more
polymer destroyed which means more efficient cleaning.

[0032] in some embodiments, the chamber cleaning step is executed after
completion of the first etching process, and the second siching process is executed
after completion of the chamber cleaning step. In other embodiments there can be
overiap of the different processes. In some embodiments, executing the second
eiching process includes maintaining plasma at a greater plasma pressure as
compared 1o the first etching process.  in other embodiments, plasma pressure of
the second etching process can be similar to plasma pressures of the first etehing
process. in some embodiments, the steps of executing the first etching process,
executing the chamber cleaning step, and executing the second etching process can
be cycled until a predetermined depth of the silicon-containing layer has been eiched.
After completing the etching, cleaning and second etching steps, further processing
can be continued on the substrate, such as a weat clean o remove the hardmask.
(00331 in the preceding description, spedific details have been set forth, such
as a particular geometry of a processing system and descriptions of various
components and processes used therein. It should be understood, however, that
techniques herein may be practiced in other embodiments that depart from these
specific details, and that such details are for purposes of explanation and not
fimitation. Embodiments disclosed herein have been describaed with reference to the
accompanying drawings. Similarly, for purposes of explanation, specific numbers,
materials, and configurations have been set forth in order to provide a thorough
understanding. Nevertheless, embodiments may be practiced without such specific
details. Components having substantially the same functional constructions are
denoted by like reference characters, and thus any redundant descriptions may be

omitied.



WO 2017/035120 PCT/US2016/048139

[0034] Various technigues have been described as multiple discrete
operations to assist in understanding the various embodiments. The order of
description should not be construed as o imply that these operations are necessarily
order dependent. Indeed, these operations need not be performed in the order of
presentation. Operations described may be performed in a different order than the
described embodiment. Various additional operations may be performed and/or
described operations may be omitted in addilional embodiments.

[0635] “Subsirate” or “target substrate” as used herein generically refers o an
object being processed in accordance with the invention. The substrate may include
any material portion or structure of a device, particularly a semiconductor or other
electronics device, and may, for example, be a base substrate structure, such as a
semiconductor wafer, reticle, or a layer on or overlying a base substrate structure
such as a thin film. Thus, substrate is not imited to any particular base structure,
underlying laver or overlying laver, pattermed or un-patierned, buf rather, is
contemplated o include any such layer or base structure, and any combination of
layers and/or base structures. The description may reference particular types of
substrates, but this is for illustrative purposes only.

[0036] Those skilled in the art will also understand that there can be many
variations made {o the operations of the technigues explained above while still
achieving the same objectives of the invention. Such variations are intended to be
covered by the scope of this disclosure. As such, the foregoing descriptions of
embodiments of the invention are not intended 1o be limiting. Rather, any limitations

to embodiments of the invention are presented in the following claims.
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CLAIMS
1. A method for processing a substrate, the method comprising:

positioning a substrale in a chamber of a plasma processing sysiem, the
substrate having a masking layer positioned over g silicon-containing layer, the
masking layer defining openings less than 40 nanometers;

executing a first elching process that anisolropically etches a first portion of
the silicon-containing layer using the masking layer as an etch mask and using
plasma formed from a first process gas that includes a bromine-containing gas or a
chiorine-containing process gas,

executing a chamber cleaning step that includes removing chamber wall
residue using plasma formed from a second process gas that includes a flucrine-
containing process gas, the chamber wall residue includes products from the first
eiching process, the chamber cleaning step being executed while the substrate is
positioned in the chamber of the plasma processing system; and

executing a second etching process that anisotropically etches a second
portion of the silicon-containing layer using the masking layer as an eich mask and
using plasma formed from a third process gas that includes the bromine-containing
gas or the chiorine-containing gas, wherein the first etching process and the second
giching process create a space in the substrate having an aspect ratic value greater
than 7.0 as calculated from a top of the masking layer to a bottom of the second
portion of the silicon-containing layer.
2. The method of claim 1, wherein executing the first etching process that
anisctropically etches the first portion of the silicon-containing layer includes eiching
the silicon-containing layer untii reaching one or more buried structures within the
silicon-containing laver.
3. The method of claim 2, wherein the one or more buried structures within the
silicon-containing layer includes a fin of a FInFET struciure.
4. The method of claim 3, wherein executing the second etching process that
anisotropically etches the second portion of the silicon-containing laver includes
giching a remaining portion of the silicon-containing layer until the remaining portion
of the silicon-containing layer is removed from around the fin of the FInFET structure.
5. The method of claim 1, wherein executing the chamber cleaning step includes

using the second process gas that includes an oxygen-containing gas.
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&. The method of claim 5, wherein execuling the chamber cleaning step includes
forming an oxide layer on exposad vertical surfaces of the silicon-containing layer
having been exposed from the first etching process.
7. The method of claim of claim 1, wherein removing the chamber wall residus
includes removing SiBr,C; or SLCLO,, wherein x and y are non-zero.
8. The method of claim 7, further comprising conirolling critical dimensions of
features being etched by controliing a carbon to fluorine ratio during the chamber
cleaning step.
9. The method of claim 1, wherein the chamber cleaning siep is executed after
completion of the first etching process, and wherein the second eiching process is
executed after completion of the chamber cleaning step.
10. The method of claim 1, wherein executing the second etching process includes
maintaining plasma at a greater plasma pressure as compared o the first eiching
process.
11. The method of claim 1, wherein the steps of executing the first efching process,
executing the chamber cleaning step, and executing the second siching process are
cycled until a predetermined depth of the silicon-containing layer has been eiched.
12. A method for processing a substrate, the method comprising:

positioning a substrate in a chamber of a plasma processing system, the
subsirate having a masking layer positioned over a germanium-containing layer, the
masking layer defining openings less than 40 nanometers;

executing a first etching process that anisotropically etches a first portion of
the germanium-containing layer using the masking layer as an etch mask and using
plasma formed from a first process gas that includes a bromine-containing gas or a
chicrine-containing process gas,

executing a chamber cleaning step that includes removing chamber wall
residue using plasma formed from a second process gas that includes a fluorine-
corfaining process gas, the residue inciude products from the first eiching process,
the chamber cleaning step being executed while the substrate is positioned in the
chamber of the plasma processing system; and

executing a second etching process that anisotropically eiches a second
portion of the germanium-containing layer using the masking layer as an etch mask
and using plasma formed from a third process gas that includes the bromine-

containing gas or the chiorine-containing gas, wherein the first efching process and

11
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the second etching process create a space in the substrate having an aspect ratio
value greater than 7.0 as calculated from a top of the masking layer to a botom of
the second portion of the germanium-containing laver.

13. The method of claim 12, wherein executing the first stching process that
anisotropically eiches the first portion of the germanium-containing layer includes
eiching the germanium-containing layer until reaching one or more buried structures
within the germanium-cortaining layer.

14. The method of claim 13, wherein the one or more buried structures within the
germanium-coniaining layer includes a fin of a FInFET structure.

15. The method of claim 14, wherein executing the second etching process that
anisciropically etches the second portion of the germanium-containing layer includes
giching a remaining portion of the germanium-containing layer untl! the remaining
portion of the germanium-containing laver is removed from around the fin of the
FInFET structure.

16. The method of claim 12, wherein executing the chamber cdeaning step includes
using the second process gas thatl includes an oxygen-containing gas.

17. The method of claim 18, wherein executing the chamber cleaning step includes
forming an oxide layer on exposad vertical surfaces of the germanium-containing
laver having been exposad from the first etching process.

18. The method of claim 12, wherein the sieps of executing the first etching process,
execuling the chamber cleaning siep, and executing the second eiching process are
cycled until 2 predetermined depth of the germanium-containing layer has been
etched.

19. The method of claim 12, further comprising controlling a critical dimensions of
features being etched by controlling a carbon to fluorineg ratio during the chamber
cleaning step.

20. The method of claim of claim 12, wherein removing the chamber wall residue

includes removing Ge,Br,Q, or Ge, (10, wherein x and y are non-zero.

12
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