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(57) Abstract: A method for processing a substrate includes performing a
cyclic plasma etch process including a plurality of cycles, where each cycle
of the plurality of cycles includes: causing chemical reactions with the sur-
face of the substrate by exposing a surface of the substrate to fluorine radicals
extracted from a first gas discharge plasma formed using a first gaseous mix-
ture including a non-polymerizing fluorine compound; cooling the substrate
and concurrently removing residual gaseous byproducts by flowing a second
gaseous mixture over the substrate, and at the same time, suppressing the
chemical reactions with the surface of the substrate; and performing a plasma
surface modification process by exposing the sutface of the substrate to hy-
drogen radicals extracted from a second gas discharge plasma formed using
a third gaseous mixture including gases including nitrogen and hydrogen.
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CYCLIC PLASMA ETCH PROCESS

INCORPORATION BY REFERENCE

fooot]  The present disclosure claimns the benefit of U.S. Nonprovisional Application No.
17/162,623, entitled "CYCLIC PLASMA ETCH PROCESS", filed on January 29, 2021, the

contents of which are incorporated herein by reference in their entirety.

TECHNICAL FIELD

foooz]  The present invention relates generally to a method for processing a semiconductor

device, and, in particular embodiments, to a system and methods for cyclic plasma etching.

BACKGROUND

[ooo3] Generally, a semiconductor device, such as an integrated circuit (1C) is fabricated
by sequentially depositing and patterning layers of dielectric, conductive, and semiconductor
materials over a substrate to form a network of electronic components and interconnect
alements {e.g., transisiors, resistors, capacitors, metal lines, contacts, and vias) integrated in
a monolithic structure. Many of the processing steps used to form the constituent structures
of semiconductor devices are performed using plasma processes. Plasma processing
techniques include chemical dry etching (CDE} (e.g., plasma ashing}, physical or sputter
etching, reactive ion etching (RIF), plasma-~enhanced chemical vapor deposition (PECVD),

plasma-enhanced atomic layer etch (PEALE), and atomic layer deposition (PEALD).

fooo4]  Driven by an insatiable demand for low cost electronies with high functionality, the
minimum feature sizes have been shrunk to reduce cost by roughly doubling the component
packing density at each successive technology node. Innovations in patterning such as
immersion photolithography, multiple patterning, and 13.5 nm wavelength extreme
ultraviolet (EUV) optical systems have brought eritical feature sizes down close to ten
nanometers. Concurrently, unconventional materials such as organics, ferroelectrics, and
chaleogenides are being increasingly used in products. This scenario poses a challenge for
plasma technology to provide processes for patterning features with accuracy, precision, and
profile control, often at atomic scale dimensions. Meeting this challenge along with the
uniformity and repeatability needed for high volume IC manufacturing reguires further

innovations.

SUMMARY

fooos]  In an embodiment, a method for processing a substrate includes performing a

cyelic plasma eteh process including a plurality of cycles, where each cycle of the plurality of
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cycles includes: causing chemical reactions with the surface of the substrate by exposing a
surface of the substrate to fluorine radicals extracted from a first gas discharge plasma formed
using a first gaseous mixture including a non-polymerizing fluorine compound. The method
includes flowing a second gaseous mixture over the substrate, and at the same time,
suppressing the chemical reactions with the surface of the substrate. The method includes
exposing the surface of the substrate to hydrogen radicals extracted from a second gas
discharge plasma formed using a third gaseous mixture including gases including nitrogen

and hydrogen.

fooo6] In an embodiment, a method for processing a substrate includes performing a
cychic plasma etch process including a plurality of cycles. Each cycle of the plurality of cycles
includes: performing a plasma etch process on a surface of the substrate that includes a silicon-
based material to partially remove the silicon-based material, cooling the substrate and
concurrently removing residual gaseous byproducts, and performing a plasma surface

maodification process on the substrate.

foooy] In an embodiment, a method for fabricating a semiconductor device includes
forming a stack of patterned layers adjacent to an underlayer in a substrate. The stack of
patterned layers includes an organic layer adjacent to the underiayer and a hardmask layer
including a silicon-based material over the organic layer; loading the substrate in a plasma
processing chamber. The method includes performing a cyclic plasma etch process in situ in
the plasma process chamber, where the cyclic plasma etch process removes the hard mask

tayer including a silicon-based material selective to the organic layer.
BRIFF DESCRIPTION OF THE DRAWINGS

[ooo8]  For a more complete understanding of the present invention, and the advantages
thereof, reference is now made to the following descriptions taken in conjunction with the

accompanying drawings, in which:

fooog]  Figures 1A-1C illustrate cross-sectional views of a substrate at various intermediate
stages of fabrication in a fabrication process flow undergoing a cyclic plasma etch process, in
accordance with various embodiments, wherein Figure 1A illustrates the incoming substrate,
Figure 1B illustrates after a pattern transfer etch, and Figure 1C illustrates after the completion

of the cyclic plasma etch process;

fooi1o]  Figure 1D illustrates a flow diagram a cyclic plasma eteh process, in accordance
with various embodiments;

footi] Figure 1E is a detailed flow diagram of the cyclic plasma etch process, illustrated in

the flow diagram in Figure 1D;
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foo12] Figure 2 illustrates a cross-sectional view of a plasma system for performing a time-
multiplexed implementation of the cyclic plasma etch process, Hustrated in the flow diagram

in Figure 1D;

too1s] Figure g illustrates a cross-sectional view of a plasma system for performing a
spatially segregated implementation of the cyelic plasma etch process, lustrated in the flow

diagram in Figure 1D;

[oo14] Figures 4A-4F illustrate cross-sectional views of a substrate at various
intermediate stages of fabrication in a fabrication process flow comprising the cyclic plasma
etch process, illustrated in the flow diagram in Figure 1D, wherein Figure 4A illustrates the
substrate after forming a patterned sacrificial masking layer, Figure 4B illustrates the
substrate after patterning a silicon-based layer, Figure 4C llustrates the substrate after
transferring the pattern to a organic layer, Figure 4D illustrates the substrate after the
plasma chemical dry etch (CDE) process, Figure 4E iHustrates the substrate after a cooldown

and cleanup process, and Figure 4F illustrates the plasma surface modification process;

foo1s] Figure 4G illustrates a cross-sectional view of the substrate after completing the

cychic plasma etch process, ilustrated in Figures 4A-4F; and

fo016] Figure 5 illustrates a timing diagram for one cycle of a time-multiplexed

implementation of the cyclic plasma etch process, iilustrated in the flow diagram in Figure 1D.
DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

footy] This disclosure describes embodiments of a cyclic plasma etch method for
removing silicon-based materials with selectivity to organics. The embodiments described
herein provide the advantages of efficient removal of the silicon-based material while reducing
loss of material from an underlving organic layer, reducing deformation of sidewalls of
features in a patterned organic layer that may be exposed to the etchants, and reducing defects
generated by deposition of etch byproducts. The innovative methods achieve these advantages
by employing a cyclic etching technique that allows the etch process to be split into three

segregated components, as described further below.

foo18] A generic embodiment of implementing a cyclic plasma process will be described
using the cross sectional views of Figures 1A-1C along with the flow charts of Figures 1D-1E.
Further details and embodiments of the method will be described using Figures 4A-4F and 5.

Systemns for implementing the method will described using Figures 2 and 3.
foo1g] Referring to Fignre 14, the cyclic plasma etching technigue may be performed ona
stack of layers in a substrate laver 111. In Figure 1A, the top layer is the silicon-based layer 141

that is the target layer for the removal process. The processing, described in detail below,
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removes silicon-based material selective to an organic layer 131, disposed below the silicon-
based layer 141. Below the organic layer 131 1s an nnderlayer 121 formed over a stack of layers,
collectively shown as a substrate layer 111, In some embodiment of a process flow comprising
the cyclic plasma etch, the incoming substrate for the cyclic plasma etch may be the stack of
favers in a first intermediate structure 161. In some other embodiment, the incoming substrate
for the cyclic plasma etch may be the stack of layers in a second intermediate structure 103,
illustrated in Figure 1B. The second intermediate structure 103 may be formed by patterning

the silicon-based layer 141 and the organic layer 131 of the first intermediate structure 101,

fooc2o]  In various embodiments, the silicon-based layer 141 may comprise materials such
as silicon oxide, silicon nitride, silicon oxynitride, or silicon-rich silicon oxide used as a silicon
antireflective coating (S1IARC). The organic layer 131 may comprise an organic dielectric layer
(ODL}, an organic planarization layer (OPL), a spin-on carbon (SOC), or an amorphous carbon
faver (ACL). The underlayer 121 may comprise, for example, titanium nitride, aluminom

oxide, titanium oxide, or aluminum nitride.

foozi] Figure 1B shows the patterned second intermediate structure 103 after a pattern
transfer etch has been performed to pattern the organie layer 131 using the patterned silicon-
based layer 141 as the etch mask and the underlayer 121 as the etch-stop layer. The silicon-
based layer 141 may have been patterned using a suitable photolithography and plasma etch
technigue. The process steps used to pattern the silicon-based layer 141 and the organic layer
131 may be same as those used to pattern the silicon-based layer 141 and the organic laver 131,

as described in further detail below with reference to Figures 4A-4C.

foo22]  In various applications, the cyclic plasma etch may be used to strip the patterned
silicon-based layer 141, seen in Figure 1B. The cyclic plasma etch process is designed to strip
the silicon-based layer 141 from the second intermediate structure 103 while being selective to
the exposed organic layer 131 and the exposed underlayer 121, and at the same time preserving

the integrity of patterned features, for example, the cavity 133 in Figure 1B.

loo2a] The third intermediate structure 105, shown in Figure 1C illustrates the structure
after the plasma cyclic etch has been completed. As mentioned earlier and illustrated in
Figures 1B and 1C, one advantage of using the plasma cydic etch process to strip the silicon-
based layer 141 is that the original dimensions and shape of the cavity 133 are largely preserved
in the cavity 135 (in Figure 1C) after the silicon-based layer 141 has been stripped. The process
of stripping the silicon-based layer 141 has hardly deformed the patterned features in the
organic layer 131. Deformation of a feature may comprise rounding of the edges along the top
of the cavity 135, undercutting and gouging at the bottom of the cavity 135, changes in the

sidewall profile, and increase in surface roughness. Some of the metrics monitored during
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manufacturing are affected by deformation of patterned features. These include a critical
dimension (CD), e.g., a width of the cavity 135, and a sidewall angle of the sidewalls of the
cavity 135. By using the plasma cyclic etch to strip the silicon-based layer 141, an upper bound
for a change in CD from its target value may be between 1 nim to about 1.8 nw, and an upper
bound for a change in sidewall angle may be between 0.4° and 0.5°, where the respective target
values for CD may be about 10 nm to about 18 nm and the respective target values for the

sidewall angle may be about 85” to about 967, in various embodiments.

fooz24]  The three segregated components of the cvclic plasma etch are described in a flow
diagram iHustrated in Figure 1D, A more detailed flow diagram illustrated in Figure 1E

describes the function of each component.

foozs]  Figure 1D illustrates a flow diagram for a cyelic plasma etch process 100 that may
be used to remove exposed silicon-based material from a substrate. As illustrated in Figure
1D, each cyde comprises three segregated components performed successively on the
substrate. First, a plasma chemical dry etch (CDE) process 110 that removes the silicon-based
material is performed by exposing a surface of the substrate to fluorine radicals extracted from
a first gas discharge plasma formed using a first gaseouns mixture comprising a non-
polymerizing fluorine compound. The etch chemistry used for the CDE removes silicon-based
material selective to the organic material and the material of the underlayer below the organie
tayer. In one embodiment, the CDE process removes the silicon-based material isotropically.
This is followed by a passive cooldown and cleanup process 130, during which chemical
reactions are suppressed, e.g., by powering down the plasma. Flowing a second gaseous
mixture without inducing chemical reactions may serve the dual purpose of cooling the
substrate and cleaning up the surface by removing residual gaseous byproducts. After the
cooldown and ecleanup process is complete, a plasma surface modification process 150 is
performed by exposing the surface of the substrate to hydrogen radicals extracted from a
second gas discharge plasma formed using a third gaseous mixture comprising gases

containing nitrogen and hydrogen atoms.

[0o26] Referring now to Figure 1E, in one or more embodiments, the plasma chemical dry
eteh (CDE) process 110 comprises forming the first gas discharge plasma to generate the
fluorine radicals (box 112) and exposing the surface of the substrate to a flux of fluorine
radicals to remove silicon-based material (box 114). As indicated in box 112, a first gaseous
mixture used in forming the plasma comprises a non-polymerizing fluorine compound. In
various embodiments, the first gaseous mixture may comprise nitrogen trifluoride (NF,3,
sulfur hexafluoride (8F¢}, or carbon tetrafluoride {CF,}. The first gaseous mixture may also
include inert gases such as argon and helium as a diluent. A small amount of oxygen {02} may

be added along with the SFs. Likewise, a small amount of O, may be added if CF, is used
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instead of SF;. The O, content may be, for example, between 2 % to 10 % of the total volume
of process gases used for the first gaseous mixture. Adding the small amount of O, may
effectively suppress deposition of solid sulfur or carbon compounds. Oxygen may not be added

to NF, since no solid deposits comprising nitrogen are formed.

loo27] Solid byproducts are undesirable for the etch chemistry used to strip the silicon-
based layer 141 (shown in Figure 1B) because the solid byproducts may deposit randomly over
the surface and cause defects by inhibiting the chemiecal reaction used to remove silicon-based
material. Reactant gases that may cause polymers to form and get deposited, often non-
uniformiy, over the exposed surface of the organic layer 131 in Figures 1B and 1C are avoided.
For example, if a hydrofluorccarbon (CHF,, CH.F, and CHLF.} or a perfluorocarbon with
relatively high carbon content {e.g., CoFs, and CsFs) is used as a source of finorine radicals then
polymerizing reactions can take place. The polvmers may deposit along the sidewall of the
cavity 135 in Figure 1C and change the CD (the width of the opening) and the sidewall angle of
the cavity 135. Inthe embodiments of the plasma CDE process 110 described in this disclosure,
the fluorine etch chemistry is selected such that deposttion of solid byproducts is suppressed.
Sources of fluorine radicals used for the cvelic plasma etch process 100 exclude
hydrofluorocarbons  (CHF,;, CHF, and CHLF.). The presence of hydrogen in
hydrofluorocarbons may trigger formation of solid byproducts by polvmerization. Because
polymerization may also occur in an etch chemistry using perfluorocarbon with a relatively
high carbon content, perfluorocarbons such as CoFs, and CFg are also excluded. The higher
the carbon to fluorine ratio, the more likely it is that the chemical reaction used to remove
silicon-based materials would be polymerizing, causing solid deposits on the surface of the

organic layer 131.

fooz28]  As mentioned above, the etch chemistry using NF,, is non-polyvimerizing; no solid
deposits occur during the etch process. The non-polymerizing property of CF, and SFs may
be attributed to a low ratio of carbon to fluorine atows in CF, (C:F = 1:4 in CF) and a low ratio
of sulfur to fluorine atoms in SFq (8:F = 1:6 in SFy). A non-polymerizing etch chemistry with
negligible solid hyproducts is often referred to as lean etch chemistry. Since the source of
fluorine in various embodiments of the cyclic plasma etch process 100 is either NF,, CF,, or
SFs, an etch chemistry used to etch silicon-based materials in the example embodiments in
this disclosure may be referred to as lean chemistry or a non-polvmerizing fluorine-based
chemistry, as indicated in box 114 in Figure 1E.

foozg]  The flux of fluorine radicals chemically removes silicon-based raterials by reacting
with silicon to form silicon tetrafluoride (SiF,), a volatile gaseous byproduct. Other volatile
gaseous byproducts may inclnde oxides of nitrogen (e.g., nitric oxide (NO), nitrogen dioxide

(N}, and nitrous oxide (N,0)) in embodiments using NF,, oxides and oxyfluorides of sulfur

6
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{e.g., SO, and SOF,) in embodiments using SFg, and oxides of carbon (e.g., €O and CO,) in
embodiments using CF,. Exposed surfaces of the organic material and the underiayer may get

fluorinated by adsorption of fluorine radicals on the exposed organic material.

foo30]  As shown in Figures 1D and 1E, a passive cooldown and cleanup process 130 is
performed after the plasma chemical dry eteh (CDE) process 110. The chemical reactions used
to remove the silicon-based material are exothermic. The substrate temperature may rise
rapidly and may lead to thermal deformation of features in the organic layer if the temperature
rises to close to the glass transition temperature of the organic material. During the cooldown
and cleanup process 130, a suthciently high flow rate of a second gaseous wixture is used to
cool the substrate and remove residual gaseous byproducts. As indicated in boxes 132 and
134, the cooldown and cleanup process 130 is performed without forming plasma to ensure
that no chemical reactions are induced by the second gasecus mixture as it flows over the
substrate. Plasma formation during cooldown may be prevented by shutting off radio
frequency (RF) power to a plasma system where the cyclic plasma process is implemented by
temporally segregating the three components of each cyele using time-multiplexing. In a

gregated implementation, the substrate is moved to a section of the plasma system

Lot Lot

spatially se
that is not coupled to an RF power source. A relatively high pressure may be selected to
achieve an increased gas flow rate for more efficient cooling and cleanup, as indicated in box
134. The composition of the second gaseous mixture is selected such that the gases wounld not
chemically modify the surface of the substrate at the prevalent temperature in the absence of
plasma. In one embodiment the gases used in the second gaseous mixture are selected to be

same as the process gases used in the next component of the cycle.

foosil  Asseen in the flow diagrams for the cyclic plasma etch process 100, illustrated in
Figures 1D and 1¥, the next coraponent is the third and last component of the cycle, during
which a plasma surface modification process 150 may be performed. As indicated in box 152
in Figure 1E, a second gas discharge plasma is formed using a third gaseous mixture for the
plasma surface modification process 150. The composition of the third gaseous mixture
comprises hydrogen and a small amount of a source of fluorine (e.g., NF;, CF,, or SFs). Inone
embodiment the third gaseous mixture comprises NF; and Ha. In other embodiments, the
third gaseous mixture comprises CF; and H, or 8Fs and Ho. A small amount of oxygen may be

optionally included in the third gaseous mixture.

foosz]  The plasma surface modification process 150 comprises exposing the surface of the
substrate to hydrogen radicals extracted from the second gas discharge plasma.  After
patterning the organic laver 131 using the silicon-based layer 141 as an etch mask and the
underiayer 121 as an etch stop layer, as iHustrated in Figure 18, the surface of the second

intermediate structure 103 may have a first portion (e.g., a top flat surface) comprising the

~
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siticon-based material, a second portion (e.g., sidewalls of features) comprising the organic
material, and a third portion {e.g., a bottom wall) comprising the underlayer 121 below the
organic layer 131. Exposure to hydrogen radicals modifies the first portion of the surface

differently compared to the other portions of the surface.

foo33]  The surface of the silicon-based layer 141 is activated in a surface modification
pracess in which hydrogen attaches to the surface of the silicon-based layer 141 (the first
portion) so as to facilitate the removal of the Si-based material in the next cycle. Without the
surface modification, the etch rate would be lower. The interaction of hydrogen with the
second and third portions of the surface is a surface reset that chemically removes adsorbed
fluorine. During the surface modification process, the exposed surface of the organic layer 131
and the underlayer 121 (second and third portions) may be deflnorinated by chemically

reacting with hydrogen to form HF vapor that gets pumped out of the process chamber.,

[0034]  As explained above, the plasma surface modification process 150 (in Figures 1D
and 1E} uses hydrogen plasma for surface activation of the silicon-based layer 141 and surface
reset of the organic layer 131, In addition, by incduding a small amount of a source of fluorine
{e.g., NF;, CF,, or SFe) in the third gaseous mixture, the silicon-based layer 141 is allowed to
continue to be etched, albeit at a much lower removal rate than that during the plasma CDE

Process 110,

foo3s5] In some embodiments, the cyclic plasma process may be implemented by
temporally segregating the three components of each cyde using time-multiplexing. The
substrate may be loaded in a plasma chamber and the three components of each cycle of the
cyelic plasma process be performed in situ in the plasma process chamber in three consecutive
non-overiapping time intervals. In some gther embodiments, the three components of the
cyclic plasma process may be segregated by moving the substrate through three spatially
segregated sections of a plasma chamber, as described in further detail below with reference

to Figure 3.

foo36]  Inoneembodiment of the time~-muldtiplexed cyclic plasma process, the plasma CDE
that removes the silicon-based material may be performed during a first time interval using a

first gaseous mixture, as described above.

elelehd During a second time interval, the substrate may be cooled and, concurrently,
residual gasecus byproducts may be removed by creating a gas flow using a second gaseous
mixture, as mentioned above. To suppress chemical reactions, the plasma may be
extinguished by, for example, decoupling the plasma from RF power, or shutting off the RF
power sources. The pressure in the plasma chamber may be increased to increase the flow

rate to achieve efficient cooling and cleanup.
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[0o38] Inn a third time interval following the second time interval, the pressure in the
plasma process chamber may be reduced again, and a second gas discharge plasma may be
ignited using a third gaseous mixture comprising hydrogen for the plasma surface
modification process. As described above, the plasma surface modification process activates
the surface of the silicon-based material, and resets the surface of the organic material by

defluorinating with hydrogen radicals.

fooag]  Figures 2 and 3 llustrate examples of plasma systems that may be used to
implement the method and perform the cyclic plasma etch process on an incoming substrate
comprising a silicon-based layer over an organic laver. Figure 2 Hlustrates a plasma systern
for time-multiplexed implementations of the cyclic plasma etch process, and Figure 3
illustrates a plasma system for spatially segregated implementations of the cyclic plasma etch

Process.

[0040]  The time-multiplexed embodiments of the cyclic plasma etch process 100, wherein
the three components of each cycle are executed in the three time intervals may be
implemented in the plasma system 200, llustrated in Figure 2. The plasma system 200 in
Figure 2 comprises a plasma process charnber 250 configured to sustain plasma directly above
the substrate 202 loaded onto a substrate holder 210. A gaseous mixture may be introduced
in the plasma process chamber 256 through a gas inlet 222 and gases may be pumped out of
the plasma process chamber 250 through a gas outlet 224. The gas flow rates and chamber
pressure are controlled by a gas flow system 220 coupled to the gasinlet 222 and the gas outlet
224. As known to persons skilled in the art, a gas flow system may comprise various
components such as high pressure gas canisters, valves {e.g., throttle valves}, pressure sensors,
gas flow sensors, vacuum pumps, pipes, and electronically programmable controllers. An RF
bias power source 234 and an RF source power source 230 may be coupled fo respective
electrodes of the plasma process chamber 250. In the plasma process chamber 250, the
substrate holder 210 is also the electrode coupled to the RF bias power source 234. The RF
source power source 230 is shown coupled to a helical electrode 232 coiled around a dielectric
sidewall 216. In Figure 2, the gas inlet 222 is an opening in a top plate 212 and the gas outlet
224 18 an opening in a bottom plate 214. The top plate 212 and bottom plate 214 may be

conductive and electrically connected to the system ground (a reference potential).

foog41]  The plasma system 200 is by example only. In various alternative embodiments,
the plasma system 200 may be configured to sustain inductively coupled plasma (ICP) with
RF source power coupled to a planar coil over a top dielectric cover, or capacitively coupled
plasma (CCP) sustained using a disc-shaped top electrode in the plasma process chamber 250.
Gas inlets and outlets may be coupled to sidewalls of the plasma chamber, and pulsed RF

power sources and pulsed DC power sources may also be used in some embodiments,

G
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foogqz]  Figure 3 illustrates an example plasma system 300 comprising a plasma process
chamber comprising several spatially segregated sections that way be isolated by a flow of
inert gas, referred to as an inert curtain. A plasma process chamber comprising spatially
segregated sections is referred to here as a spatial plasma process chamber. The spatial plasma
process chamber 340 of the plasma system 300 is suitable for performing spatially segregated
implementations of the cyclic plasma etch process 100. In the plasma system 300, the three
components of each cycle may be performed in three spatially segregated sections of a spatial
plasma process chamber 340. The three components of each cycle of the cyclic plasma etch
process 100 may be performed by moving the substrate through the three spatially segregated
sections of a spatial plasma process chamber 340 using for example, a rotatable stage 310, as
illustrated in Figure 3. In the example embodiment in Figure 3, the rotatable stage 310 has

been electrically coupled to ground.

loo4a] In the cross-sectional view illustrated in Figure 3, two of the three sections are
visible. A first section 350 may be used, for example, to perform the first component of each
cycle, which is the plasma CDE process 110 described above with reference to Figures 1D and
1E. In the example spatial plasma process chamber 340, the first section 350 is configured to
sustain capacitively coupled plasma (CCP) using a top electrode 312 coupled to an RF power
source 314. In the illustrated configuration, the grounded rotatable stage 310 may serve as a
bottom electrode. The first gas discharge plasma may be formed in the first section 350 using
a first gaseous mixture introduced in the first section 350 through a first gas inlet 322, A first
gas outlet 324 of the first section 550 may be connected to a vacuum pump of a gas flow system
and controlled to maintain a desired pressure and gas flow, as indicated by an arrow near the
first gas outlet 324. As illustrated in Figure 3, a first semiconductor wafer 302, shown loaded
on the rotatable stage 310 in the first section 350, may be undergoing the first component of
one cycle of the plurality of cycles of the cyclic plasma etch process 100. Subsequently, the
first semiconductor wafer 302 may be moved to a second section 360 of the spatial plasma
process chamber 340 to undergo the second component of the cycle. An inert curtain 330,
indicated schernatically by a dashed line in Figure 2 may adequately isolate the first section
350 from the second section 360. The inert curtain 330 may be a flow of an inert gas (e.g.,
argon or helinm) introduced through an inert gas inlet 320 and pumped out through an inert

gas outlet 326, as indicated by arrows near the inert gas inlet 320 and the inert gas outlet 326.

foo44]  Asillustrated in Figure g, the second section 360 has no top electrode because this
section has been designated for performing the second component, which is the cooldown and
cleanup process 130 of each cycle. As explained above with reference to Figures 1D and 1E, in
the cooldown and cleanup process 130, the second gaseous mixture may be flowing over the

substrate in the absence of plasma in order to suppress chemnical reactions. A second
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semiconductor wafer 304, shown loaded on the rotatable stage 310 in the second section 360,
may be undergoing the second component of one cycle of the plurality of cydes of the cyclic
plasma etch process 100, As illustrated in Figure 3, the second gaseous mixture may be
introduced through a second gas inlet 323 and flow out through a second gas outlet 325
coupled to a separately controlled vacuum pump to maintain a desired pressure and flow rate
in the second section 360. In the example plasma system 300, the spatial plasma chamber
340 has three sections, each of which may have a semiconductor wafer loaded on the rotatable
stage 310. One revolution of the rotatable stage 310 would then be equivalent of performing

one cycle of the cyclic plasma etch process 1006.

foo4s] It may be noted that although, in the description of one cycle of the plurality of
cycles of the cyvelic plasma etch process 100, the plasma CDE process 110 has been shown as
the component that is executed first, it is understood that any of the other two components
(the passive cooldown and cleanup process 130 and the plasma surface modification process
150} could be selected to be performed first, as long as the sequence in which the three
components are performed remains unaltered. For example, the cyclic plasma etch process
100 may be executed with the first cycle starting with the plasma surface modification process
150, followed by the plasma CDE process 110, followed by the passive cooldown and cleanup
process 130, and then repeating this sequence of three components multiple times, as

prescribed in a process flow recipe used to process the respective substrate.

foo46]  An example fabrication process flow, incorporating an embodiment of the cyclic
plasma etch technique, is described with reference to Figures 4A-4G. In Figures 4A-4F, the
cyelic plasma etch process has been illustrated with cross-sectional views of a substrate at
various intermediate stages of the fabrication process flow showing the processing used to
fabricate the incoming substrate and being processed through one cycle of a plurality of cycles
of the cyclic plasma etch. Figure 4G fllustrates a cross-sectional view of the substrate after

completing the cyclic plasma etch process.

looa7] The cross-sectional views of a substrate in Figures 4A-4F Hlustrate an example of
a process flow comprising the cyclic plasma etch process 100, illustrated in the flow diagram
in Figure 1D, and Figure 4G illustrates a cross-sectional view of the substrate after completing

the cyclic plasma etch process 100.

[0048]  Figures 4A-4C illustrate cross-sectional views of a substrate comprising a silicon-
based layver 440 and an organic layer 430 disposed below the silicon-based layer 440 being
patterned using a sacrificial masking layer 450. Below the organic laver 430 is an underlayer
420 formed over a stack of layers, collectively shown as a substrate layer 410. As described

above with reference to Figures 1D and 1E, in various embodiments, the silicon-based layer
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440, the organic layer 430, and the underlayer 420 may comprise various materials. For
specificity, in the example embodiment illustrated in Figure 44, silicon-based layer 440
comprises SIARC, the organic layer 430 comprises SOC, and the underlayer 420 comprises
titantom nitride. The sacrificial masking layer 450 comprises photoresist and the material of
the substrate layer 410 adiacent below the underlayver 420 comprises a low-k silicon oxide used

as an interiaver dielectric (ILD).

foo4al  The patterned sacrificial masking layer 450, lustrated in Figure 44, may have
been patterned using a suitable photolithography system, such as extreme ultraviolet (EUV)
photolithography. While patterning photoresist with a pattern of actinic radiation, reflections
from underlying interfaces may cause interference patterns within the photoresist that
degrade the patiern quality of the photoresist relief pattern. One purpose of the silicon-based
layer 440 (the SIARC laver} is to suppress the reflections by destructive interference of
radiation reflected from the top and bottom surfaces of the SIARC. The second purpose of the
siticon-based layer 440 is, after being patterned, to serve as a hard mask during an etch process

used to transfer the pattern to the organic layer 430.

fooso]l  In Figore 4B, the sacrificial masking layer 450 comprising photoresist has been
used to pattern the silicon-based layer 440. An anisotropic plasma etch process may be used
to transfer the photoresist pattern to the silicon-based layer 440. The pattern transfer etch
may remove SIARC using, for example, plasma sustained using a gaseous mixture comprising
perfluorocarbon  and hydrofluorocarbon  gases, for example, a wmixture comprising
tetrafluoromethane (CF,) and trifluoromethane (CHF,). This example etch chemistry
removes SIARC selective to SOC and photoresist. The RF source power may be at a frequency
of about 40 MHz to about 60 MHz, and R¥ bias power at a frequency of about 10 MHz to about
15 MHz, for example 13.56 MHz. In one embodiment, the gas flow may be from about 50 scem

to about 300 scem at a chamber pressure of about 20 mTorr to about 100 mTorr.

foos1] By using hydrofluorocarbon (e.g., CHF.} in the gaseous mixture, the photoresist
may be coated with a thin layer of polymer deposited while the silicon-based layer 440 is being
etched. The polymer coating provides a benefit of protecting the sacrificial masking laver 450
from ion sputtering loss during anisotropic etehing process. A controlled overetch time may
be used to ensure that the etch stops on the organic layer 430. Any polymer residue that may
remain on the surface of the organic layer 430 may be removed by ion sputtering during a
subsequent anisotropic plasma etch of the organic laver 430. The subsequent anisotropic
plasma eteh of the organic layer 430 also strips any photoresist remaining over the silicon-

based layer 440, as illustrated in Figure 1C.
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foos2]  Figure 4C illustrates the substrate after transferring the pattern to the organiclayer
430 and exposing a top surface of the underlayer 420 using the patterned silicon-based layer
440 as a hard mask layer. The pattern transfer to the organic layer 430 may be done by an
anisotropic plasma etch process that removes SOC selective to titanium nitride using, for
example, plasma formed from a mixture comprising nitrogen and hydrogen gas, or a mixture
comprising carbon monoxide and carbon dioxide gas, or a mixture comprising oxygen gas.
The chamber pressure may be selected in the range 10 mTorr fo 100 mTorr. The resulting
structure, illustrated in Figure 4C, may be an incoming substrate 400 that may be processed
by the cyclic plasma etch process 100 in order to strip the remaining silicon-based layer 440
comprising SIARC selective to the exposed SOC organic layer 430 and exposed underlayer 420
{e.g., titanium nitride layer). As mentioned above, the cyclic plasma etch process 160 provides
the advantages of removing SIARC efficiently with high selectivity to organies, preserving the
shape of patterned features in the organic layer 430 {e.g., sidewall profile}, and a low defect

count by using a lean etch chemistry.

fooss]  The incoming substrate 400 may be processed through a plurality of eycles of the
cyclic plasma etch process 100. In each cycle, the substrate undergoes three consecutive

component processes illustrated successively in Figures 4D, 4E, and 4F.

foos4]  Figure 4D illustrates the plasma CDE process 110. In the example ermnbodiment,
Hlustrated in Figures 4D-4¥F, the first gas discharge plasma from which the fluorine radicals
are extracted may be formed using a first gaseous mixture cornprising 100 % NF; or NF,with
Ar added up to 50 % of the total gas flow. Alow pressure in the range 50 mTorr to 200 mTorr
may be used to obtain desirable radical rich plasma. In varions embodiments, the gas flow

rate for NF; may be 10 scem to 500 scem.

fooss]  The RF source power may be about 100 W to about 800 W at a frequency of about
40 MHz to about 60 MHz. A low RF bias power may be advantageous in confining the
chemical reactions close to the surface by limiting the ions to a low energy range. In
configurations where plasma comprising ions at a desired energy range {e.g., about 2 eV to
about 20 eV) may be provided using an appropriate RF source power and frequency, no RF
bias may be used in addition to the RF source power. For example, in one embodiment, a CCP
configuration may be used to sustain plasma powered by an RF source power of about 500 W
at a frequency of about 40MHz without any RF bias. In some other embodiments, plasma
may be sustained by RF bias power of about 10 W to about 50 W at a frequency of about 10
MHz to about 15 MHz (e.g., 13.56 MHz) in addition to RF source power in the range 100 W <

800 W at a frequency range 40 MHz to 60 MHz
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foos6]  The removal of silicon-based material, {e.g., SIARC) with a lean chemistry, (e.g.,
the plasma CDE process 110 using NF;) may be achieved without the complications associated
with creating solid deposits, as explained above with reference to Figure 1E. The reaction
byproducts are volatile gases that may be removed from the process chamber by vacoum
pumps. For example, the NF; chemisiry used in the plasma CDE process 110 illustrated in
Figure 4D produces volatile gases comprising SiF, 442, and oxides of nitrogen such as NG,
444 and NO 446. The volatile gases are shown schematically in Figure 4D using open circles
for fluorine, solid circles for silicon, circles with diagonal hatching denoting oxygen (e.g., from

the SIARC]}, and circles filled with dots being a symbol for nitrogen.

foosy Figure 4E illustrates the cooldown and cleanup process 130 where the second
gaseous mixture is flowing over the substrate in the absence of plasma. The cooldown and
cleanup process 130 may be described as a purge step because there are no chemical reactions
during this component of the cyde. The pressure during the cooldown and cleanup process
130 may have been increased to about 100 Torr to 500 Torr to flow the second gaseous mixture
at a rate of 100 scem to 500 scome In the example embodiment Hlustrated in Figure 4E, the
second gaseous mixture may comprise NF; and H, in a ratio of NF; @ H. of about 1:9 to about
2:3 by volume. In some other embodiments, the second gaseous mixture may also comprise

an inert gas (e.g., argon or helium).

foos8]  As illustrated in Figure 4E, a portion of the silicon-based layer 440 has been
removed isotropically by the plasma CDE process 110 of this example embodiment. Also, it
may be noted that the surface comprising the organic layer 430 and the underlayer 420 has
been fluorinated by the fluorine radicals 432 present daring the plasma CDE process 110

Hlustrated in Figure 4.

fooso]  Figure 4F illustrates the third component of the cycle. In this component of the
cycle, a plasma surface modification process 150 may be perforimed, in which the surface of
the substrate, as illustrated in Figure 4E, is modified to the surface of the substrate, as
Hlustrated in Figure 4F. As illustrated in Figure 4F, the adsorbed fluorine radicals 432 of the
fluorinated surface in Figure 4E have been removed, and the surface of the silicon-based layer
440 has been activated with hyvdrogen radicals 448, indicated by diagonally hatched circles in
Figure 4¥F. In addition, in this embodiment, some material may be removed from the silicon-
based layer 440 because NF; has been included in the gases used for the plasma surface
maodification process 150. However, the removal rate is generally low compared to the removal
rate during the plasma CDE process 110 tHustrated in Figure 4D. For exarnple, the removal
rate during the plasma surface modification process 150 may be from about 10 % to about 50

% of the reraoval rate during the plasma CDE process 110.
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foo6o]  The hydrogen radicals that participate in the defluorinating reaction forming
volatile HF gas, as well as the hydrogen radicals adsorbed oun the surface of the silicon-based
layer 440 are extracted from the second gas discharge plasma sustained using the third
gaseous mixtare. During the plasma surface modification process 150, the pressure may be
reduced back to the range of 50 mTorr to 200 mTorr. In the example emboediment iHlustrated
in Figure 4F, the third gaseous mixture may comprise NF; and H, in a ratio of NF,: H, of about
1:9 to about 2:3 by volume. In various embodiments, the flow rate for the total gaseous

mixture may be from about 10 scem to about 200 seem.

[006] The RF source and RF bias during the plasma surface modification process 150 are
similarto the RF source and RF bias during the plasma CDE process 110. The RF source power
may be about 100 W to about 800 W at a frequency of about 40 MHz to about 60 MHz. Alow
R¥ bias power may be advantageous in confining the chemical reactions close to the surface
by limiting the ions to a low energy range. In configurations where plasma comprising ions at
a desired energy range {e.g., about 2 eV to about 20 eV) may be provided using an appropriate
RF source power and frequency, no RF bias may be used in addition to the RF source power.
Forexample, in one embodiment, a CCP configuration may be used to sustain plasma powered
by an R¥ source power of about 500 W at a frequency of about 40MHz without any RF bias.
In some other embodiments, plasma may be sustained by RF bias power of about 10 W to
about 50 W at a frequency of about 10 MHz o about 15 MHz (e.g., 13.56 MHz) in addition to

RF source power in the range 100 W < 800 W at a frequency range 40 MHz to 60 MHz.

foot2] A plurality of the three-component cycle, iHustrated by the cross-sectional views in
Figures 4D-4F, may be performed to complete the cyclic plasma etch process 100, thereby
stripping the SIARC hard mask, which is the patterned silicon-based laver 440, from the
incoming substrate 400 (see Figure 4C). A cross-sectional view of the post-eteh substrate 460,
shown in Figure 4G, llustrates the resulting structure after completing the cyclic plasma etch

process 100.

foo6s]  Figure 5 illusirates a timing diagram for one cycle of a time-multiplexed
implementation of the example cyclic plasma etch process 100, described with reference to
Figures 4A-4F. The differences between the processing environment of each of the three
segregated portions of the cyclic plasma etch process are illustrated using a timing diagram
for one cycle of a time-multiplexed implementation the cyelic plasma etch process, as

Hlustrated in Figure 5.

foo64]  The four horizontal axes in Figure 5 represent progression in time. The three time
intervals, T1, T2, and T3, for the three component processes of one cycle of the cyclic plasma

etch process 100 are schematically shown by the three double arrows adjacent to one time axis.
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Three vertical dotted lines intersecting the time axes demarcate the non-overiapping time
intervals, T1, T2, and T3. In the example embodiment, T1 may be about 5 s to about 105, T2
may be about 5 s to about 10 s, and T3 may be about 5 sto about 10 s. Invarious embodiments,
the ranges for T1, T2, and Tg, may be 2 sto 20 ¢, 2 s to 20 s, and 2 s 10 20 s, respectively, The

durations T1, T2, and Tg may be unequal, in accordance with the respective process recipe.

foo6s]  The plasma CDE process 110, the cooldown and cleanup process 130, and the
plasma surface modification process 150, are performed successively during Tt, T2, and Tg,
respectively, as indicated by the labels in Figure 5. The four time axes are used to schematically
display plots of four process parameters vs. time for one cycle of the plurality of cycles of the
example cyclic plasma etch process 100. The four process parameters plotted in Figure 5 are
RF power coupled to the electrodes of the plasma chamber, the chamber pressure, the flow

rate of hyvdrogen gas (H.), and the flow rate of nitrogen trifluoride gas (NFy).

foo66]  As illustrated in Figure 5, RF power is supplied during the time interval, T4, to
sustain the first gas discharge plasma used for the plasma CDE process 116, and again during
T3 to sustain the second gas discharge plasma used for the plasma surface modification
process 150. However, after the plasma CDE process 110 is complete, the RF power is dropped
to zero to extinguish the first gas discharge plasma and suppress chemical reactions during

the time interval, T2, when the cooldown and cleanup process 130 1s in progress.

foo67] A low pressure is maintained when the first and second gas discharge plasma are
ignited and sustained during T1 and T3, respectively. However, as described above with
reference to Figures 4A-4F, the chamber pressure and the total gas flow rate for the cooldown
and cleanup process 130 have been increased during the second time interval, T2, in the

example embodiment for efficient cooldown and cleanup.

foo68] The first gaseous mixture comprises NF; as a source for fluorine radicals. Reducing
agents such as hydrogen radicals are undesirable during T1 when the plasma CDE process 110
is performed for efficient conversion of silicon to 8iF4 gas to remove silicon-based material.
Accordingly, the flow rate for NF; is high and the flow rate for H. is zero during Tt. The second
gaseous mixture flowing through the chamber during T2 is for the cooldown and cleanup
process 130. In a time-multiplexed implementation of the cyelic plasma etch process 100, the
second gaseous mixture may comprise the same gases used for the third gaseous mixture flown
during the following time interval, T3, in order to reduce the gas exchange time needed to
stabilize the environment in the plasma process chamber. Accordingly, as illustrated in the

respective plots in Figure 5, both NF, and H; are present in the chamber during Tz and Tg.

foo6g]  Itis notedthat the plots in Figure 5 are for illustrative purposes only. For example,

the plots show the process parameters to be changing like step functions, although it is
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understood that instantaneous changes in RF power, gas pressure, and flow rates are not
achievable and that there are finite response times to be accounted for before the physical

parameters stabilize.

fooyo]  In this disclosure, embodiments of a cyclic plasma etch process 160 have been
described that may be used to strip a patterned silicon-based layer used as a hard mask for an
anisotropic plasma etch process that transfers the pattern to an organic layer adjacent below
the silicon-based layer. Silicon-based materials are often used as an inorganic antireflective
coating (ARC) to suppress formation of undesired interference patterns in a photoresist layer
caused by reflections from underlying interfaces when exposing the photoresist to a pattern of
actinic radiation in a photolithography process. In an example application, described in this
disclosure, an SIARC layer patterned with a photoresist mask and, subsequently, used as a
hard mask to pattern an SOC layer is shown being stripped using an embodiment of the cyclic
plasma etch process 100 to llustrate the advantages provided by the inventive process. As
explained above, by using appropriate embodiments of the cyclic plasma etch process 100
described in this disclosure, the silicon-based material may be efficiently removed selective to
organic materials. Furthermore, the pattern quality of features in the patterned organic layer
may be maintained as chemical as well as thermal deformation has been reduced by using a
fean fluorine etch chemistry (e.g., non-polymerizing etchants such as CF,, NF; and SFe) and
by inserting a cooldown and cleanup process 130 after the plasma CDE process 110 in each
cycle of the cyclic plasma eteh process 100. The removal efficiency for silicon-based materials
and selectivity to organics have been aided by performing a plasma surface modification
process 150 in each cyele before proceeding to the plasma CDE process 110 of the next cycle.
As explained in this disdosure, hydrogen radicals are used to aid the removal reaction by
activating the surface comprising the silicon-based material, and protect other areas of the
exposed surface by a defluorinating reaction forming volatile hydrogen fluoride. The removal
of adsorbed fluorine radicals from the sidewalls comprising organic material and the bottom
wall cormprising the underlayer material improves etch selectivity and retards pattern

deformation.

foori] It has been explained that the method of segregating the process into a plurality of
cyeles and segregating each cyecle into three component processes may be implemented intwo
classes of plasma systems. A time-muldtiplexed implementation may comprise performing the
component processes in situ in a plasma process chamber. A spatially segregated
implementation may be achieved by loading the subsirate on a movable stage and moving the

substrate through spatially segregated sections of a spatial plasma chamber,

fooy2]  Segregating the process in three component processes facilifates achieving the

advantages mentioned herein by allowing independent selection of process parameters, as
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Hlustrated in this disclosure by describing a timing diagram for a time-multiplexed
implementation of one example embodiment.  Preserving the fidelity of the pattern
transferred to the organic layer is advantageous because, in various applications, the organic

fayeris used as a hard mask layer for patterning the underlayer.

[0073] Example 1. A method for processing a substrate inclodes performing a cyelie
plasma etch process including a plurality of cycles, where each cycle of the plurality of cycles
includes: causing chemical reactions with the surface of the substrate by exposing a surface of
the substrate to fluorine radicals extracted from a first gas discharge plasma formed using a
first gaseous mixture including a non-polvmerizing fluorine compound. The method includes
flowing a second gasecus mixture over the substrate, and at the same time, suppressing the
chemical reactions with the surface of the substrate. The method includes exposing the surface
of the substrate to hydrogen radicals extracted from a second gas discharge plasma formed

using a third gaseous mixture including gases including nitrogen and hydrogen.

foo74] Example 2. The method of example 1, where the surface of the substrate includes:
a first portion including a silicon-based material; and a second portion induding an organic

material,

foors] Example 3. The method of one of examples 1 or 2, where exposing the surface of
the substrate to fluorine radicals removes the silicon-based material selective to the organic

material.

foo76]  Example 4. The method of one of examples 1 to 3, where exposing the surface of
the substrate to hydrogen radicals chemically modifies the sarface of the substrate, where
chemically modifying the surface includes: forming an adsorption layer of hydrogen and
nitrogen on the first portion including a silicon-based material; and defluorinating the second

portion including an organic material.

fooy7] Example 5. The method of one of examples 1 to 4, where the first gasecus mixture

includes nitrogen trifluoride or sulfur hexafluoride.

foo78]  Example 6. The method of one of examples 1 to 5, where flowing the second gaseous
mixture cools the substrate and removes residual gaseous byproducts.

[oo79] Example 7. The method of one of examples 1 to 6, where suppressing chemical
reactions with the surface of the substrate includes preventing the second gaseous mixture
from forming a gas discharge plasma.

foo8o]  Example 8. The method of one of examples 1 to 7, where the exposing the surface
ofthe substrate to fluorine radicals, the flowing the second gaseous mixture over the substrate,

and the exposing the surface of the substrate to hvdrogen radicals are performed in three
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spatially non-overlapping regions, where a curtain of inert gas is disposed between adjacent
regions of the three spatially non-overlapping regions; and where performing one cycle of the
cyclic eteh process includes moving the substrate successively through the three spatially non-

overlapping regions.

[0081] Example 9. A method for processing a substrate includes performing a cyelic
plasma etch process including a plurality of cycles, where each cycle of the plurality of cycles
includes performing a plasma etch process on a surface of the substrate that includes a silicon-
based material to partially remove the silicon-based material, cooling the substrate and
concurrently removing residual gaseous byproducts, and performing a plasma surface

maodification process on the substrate.

foo82]  Example 10. The method of example g, further including: performing the plurality

of cycles in situ in a plasma process chamber.

foo83]  Example 11. The method of one of examples ¢ or 10, where the plasma etch process
is performed in a first time interval, the cooling and the concurrently removing residual
gaseous byproducts is performed in a second time interval, and the plasma surface
modification process is performed in a third time interval; and where the first time interval,

the second time interval, and the third time interval are non-gverlapping time intervals.

foo84]  Example 12. The method of one of examples ¢ to 11, further including: increasing
the pressure in a plasma process chamber performing the plurality of eydes after the first time
interval; maintaining the increased pressure in the plasma process chamber during the second
time interval; and reducing the pressure in the plasma process chamber after the second time

interval.

foo85]  Example 13. The method of one of examples ¢ to 12, where performing the plasma
etch process includes: forming a gas discharge plasma, the plasma including fluorine

radicals, where the forming the gas discharge plasma includes coupling radio frequency (RF)
power to a gaseous mixture including a non-polymerizing fluorine compound; and removing

silicon~-based material by using non~polymerizing fluorine-based chemistry.

foo86]  Example 14. The method of one of examples ¢ to 13, where the cooling the substrate
and concurrently removing residual gaseous byproducts includes: extinguishing the gas
discharge plasma by decoupling radio frequency (R¥) power from the plasma process
chamber; and increasing gas flow rate of a gaseous mixture through the plasma process

chamber.

foo87]  Example 15. The method of one of examples g 1o 14, where performing the plasma

surface modification process includes: forming a gas discharge plasma using a gaseous
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mixture including gases including nitrogen and hydrogen, the plasma including hydrogen
radicals; chersically reacting the surface of the substrate with hydrogen radical, where reacting
the surface includes: forming an adsorption layer of hydrogen and nitrogen on a portion of the
surface of the substrate including silicon-based material; and removing fluorine radicals
adsorbed on the remaining portion of the surface of the substrate by forming gasecus

hydrogen fluoride,

fo088]  Example 16, A method for fabricating a semiconductor device includes forming a
stack of patterned layers adjacent to an underlayer in a substrate. The stack of patterned layers
includes an organic layer adjacent to the underiayer; and a hardmask layer inclading a silicon-
based material over the organic laver; loading the substrate in a plasma processing chamber.
The method includes performing a cyclic plasma eteh process in situ in the plasma process
chamber, where the cyclic plasma etch process removes the hard mask layer including a

silicon~based material selective to the organie layer.

fooBgl  Example 17. The method of example 16, where the cyclic plasma etch process
includes a plurality of cycles, where each cycle of the plurality of cycles includes: performing a
chemical dry etch (CDE) process including exposing the substrate to fluorine radicals
extracted from a first gas discharge plasma formed in the plasma process chamber using a first
gaseous mixture including nitrogen trifluoride or sulfur hexafluoride; after completing the
CDE process, extinguishing the first gas discharge plasma, and cocling the substrate by
increasing the pressure in the plasma processing charmber and flowing a second gaseous
mixture over the substrate; and after completing the cooling the substrate, performing a
plasma surface modification process including exposing the surface of the substrate to
hydrogen radicals, where the hydrogen radicals activate the surface including the silicon-
based material by chemisorption and defluorinate the surface including the organic material

by a chemical reaction forming volatile hydrogen fluoride.

foogo]  Example 18. The method of one of examples 16 or 17, where the silicon based

material includes a silicon-rich antireflective coating (SIARC), silicon oxide, silicon nitride, or

2

siticon oxynitride.

fo0g1] Example 19. The method of one of examples 16 to 18, where the organic layer
includes an organic dielectric layer (ODL), an organic planarization layer (OPL), a spin-on
carbon (SOC) layer, or an amorphous carbon layer (ACL), where the underlaver includes

titanium nitride, aluminum oxide, titanium oxide, or aluminum nitride.

foooz]  Example 20. The method of one of examples 16 to 19, where after performing the
cychic plasma etch process, the change in sidewall angle of the organic layer is less than or

equal to 0.5°.
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fooos] While this invention has been described with reference to ilustrative
embodiments, this description is not intended to be construed in a limiting sense. Various
modifications and combinations of the illustrative embodiments, as well as other
embodiments of the invention, will be apparent to persons skilled in the art npon reference to
the description. It is therefore intended that the appended claims encompass any such

modifications or embodiments.
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WHAT IS CLAIMED IS:

1. A method for processing a substrate, the method comprising:
performing a cyclic plasma eteh process comprising a plurality of eycles, wherein

each cycle of the plurality of cycles comprises:

causing chemical reactions with the surface of the substrate by exposing a surface
of the substrate to fluorine radicals extracted from a first gas discharge plasma formed using
a first gaseous mixture comprising a non-polymerizing fluorine cormpound;

flowing a second gaseous mixture over the substrate, and at the same time,
suppressing the chemical reactions with the surface of the substrate; and

exposing the surface of the substrate to hydrogen radicals extracted from a
second gas discharge plasma formed using a third gaseous mixture comprising gases

comprising nitrogen and hvdrogen.

2. The method of claim 1, wherein the surface of the substrate comprises:
a first portion comprising a silicon-based material; and

a second portion comprising an organic material.

3. The method of daim 2, wherein exposing the surface of the substrate to fluorine

radicals removes the silicon-based material selective to the organic material.

4. The method of claim 2, wherein exposing the surface of the substrate to hydrogen
radicals chemically modifies the surface of the substrate, wherein chemically modifving the
surface comprises:

forming an adsorption laver of hydrogen and nitrogen on the first portion comprising
a silicon-based material; and

defluorinating the second portion comprising an organic material.

5. The method of claim 1, wherein the first gaseous misture comprises nitrogen

trifluoride or sulfur hexafluoride.

6. The method of claim 1, wherein flowing the second gaseous mixture cools the

substrate and removes residual gaseous byproducts.

7. The method of claim 1, wherein suppressing chemical reactions with the surface of
the substrate comprises preventing the second gaseous mixture from forming a gas discharge

plasma.

8. The method of claim 1,

wherein the exposing the surface of the substrate to fluorine radicals, the flowing the
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second gasenus mixture over the substrate, and the exposing the surface of the substrate to
hydrogen radicals are performed in three spatially non-overlapping regions, wherein a
curtain of inert gas is disposed between adjacent regions of the three spatialiy non-
overlapping regions; and

wherein performing one cyvcle of the cyclic etch process comprises moving the

substrate successively through the three gpatially non-overlapping regions.

9. A method for processing a substrate, the method comprising:
performing a cyclic plasma etch process comprising a plurality of cycles, wherein
each cycle of the plurality of cycles comprises:
performing a plasma etch process on a surface of the substrate that comprises a
siticon-based material to partially remove the silicon-based material,

cooling the substrate and concurrently removing residual gaseous byproducts,

and
performing a plasma surface modification process on the substrate.
10. The method of claim g, further comprising:
performing the plurality of cycles in situ in a plasma process chamber.
1L The method of claim ¢, wherein the plasma etch process is performed in a first time

interval, the cooling and the concurrently removing residual gaseous byproducts is
performed in a second time interval, and the plasma surface modification process is
performed in a third time interval; and

wherein the first time interval, the second time interval, and the third time interval

are non-overlapping time intervals.

12 The method of claim 11, further comprising:

increasing the pressure in a plasma process chamber performing the plurality of
cycles after the first time interval;

maintaining the increased pressure in the plasma process chamber during the second
time interval; and

reducing the pressure in the plasma process chamber after the second time interval.

3. The method of claim g, wherein performing the plasma etch process comprises:
forming a gas discharge plasma, the plasma comprising fluorine radicals, wherein the
forming the gas discharge plasma comprises coupling radio frequency (RF) powertoa

gaseous mixtire comprising a non-polymerizing fluorine cormpound; and

3y
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removing silicon-based material by using non-polymerizing fluorine-based

chemistry.

4. The method of claim 13, wherein the cooling the substrate and concurrently removing
residual gaseous byproducts comprises:

extinguishing the gas discharge plasma by decoupling radio frequency (RF) power
from the plasma process chamber; and

increasing gas flow rate of a gaseous mixture through the plasma process chamber.

15. The method of claim ¢, wherein performing the plasma surface modification process
comprises:
forming a gas discharge plasma using a gaseous mixture comprising gases comprising
nitrogen and hydrogen, the plasma comprising hydrogen radicals;
chernically reacting the surface of the substrate with hydrogen radical, wherein
reacting the surface comprises:
forming an adsorption layer of hydrogen and nitrogen on a portion of the surface
of the substrate comprising silicon-based material; and
removing fluorine radicals adsorbed on the remaining portion of the surface of

the substrate by forming gaseous hydrogen fluoride.

16. A method for fabricating a semiconductor device, the method comprises:
forming a stack of patterned layers adjacent to an underlaver in a substrate, the stack
of patterned layers comprising:
an organic layer adjacent to the underlayer; and
2 hardmask layer comprising a silicon-based material over the organic layer;
lpading the substrate in a plasma processing chamber; and
performing a cyclic plasma etch process in situ in the plasma process chamber,
wherein the cyclic plasma etch process removes the hard mask layer comprising a

sificon-based material selective to the organic layer.

17. The method of claim 16, wherein the cydlic plasma etch process comprises a plurality
of cycles, wherein each cydle of the plurality of cycles comprises:
performing a chemical dry etch (CDE) process comprising exposing the substrate to
fluorine radicals extracted from a first gas discharge plasma formed in the plasma process
chamber using a first gasecus mixture comprising nitrogen trifluoride or sulfur hexafluoride;
after completing the CDE process, extinguishing the first gas discharge plasma, and
cooling the substrate by increasing the pressure in the plasma processing chamber and

flowing a second gaseous mixture over the substrate; and
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after completing the cooling the substrate, performing a plasma surface modification
process comprising exposing the surface of the substrate to hydrogen radicals, wheretn the
hydrogen radicals activate the surface comprising the silicon-based material by
chemisorption and defluorinate the surface comprising the organic material by a chemieal

reaction forming volatile hvdrogen fluoride.

18. The method of claim 16, wherein the silicon based material comprises a silicon-rich

antireflective coating (S1ARC), silicon oxide, silicon nitride, or silicon oxynitride.

19. The method of claim 16, wherein the organic laver comprises an organic dielectrie
fayer (ODL), an organic planarization layer (OPL}, a spin-on carbon (8OC) layer, or an
arnorphous carbon layer (ACL), wherein the underlayer comprises titanium nitride,

aluminum oxide, titanium oxide, or aluminum nitride.

20.  The method of claim 16, wherein after performing the cyclic plasma etch process, the

change in sidewall angle of the organie layer is less than or equal to 0.5°.

25



WO 2022/164820 PCT/US2022/013740
1/5

Figure 1A Figure 1B Figure 1C

/ 100
CycLIC PLASMA ETCH PROCESS

¥ 110

PLASMA CHEMICAL DRY ETCH (CDE)

ETCH SILICON-BASED MATERIAL BY
—> EXPOSING SUBSTRATE TO FLUORINE
RADICALS FROM PLASMA USING NON-
POLYMERIZING FLUORINE COMPOUND

l ¥ 130

PASSIVE COOLDOWN AND CLEANUP

SUPPRESS CHEMICAL REACTIONS AND
FLOW GAS OVER SUBSTRATE

l v 150

PLASMA SURFACE MODIFICATION

MODIFY SURFACE BY EXPOSING
SUBSTRATE TO HYDROGEN RADICALS
FROM PLASMA USING GASES CONTAINING
FLUORINE AND HYDROGEN

Figure 1D



WO 2022/164820 PCT/US2022/013740

100
Y

2/5

CycLiC PLASMA ETCH PROCESS
v 110

PLASMA CHEMICAL DRY ETCH (CDE)

FORM PLASMA USING NON-POLYMERIZING
FLUORINE COMPOUND (E.G., NF;, CF,, OR SFs)

114~ v 112

REMOVE SI-BASED MATERIAL BY USING NON-
POLYMERIZING FLUORINE-BASED CHEMISTRY

+ v 130

PASSIVE COOLDOWN AND CLEANUP

SUPPRESS CHEMICAL REACTIONS BY PREVENTING
PLASMA FORMATION (E.G., NO RF POWER SOURCE)

134~ v 132

FLow GAS TO COOL THE SUBSTRATE AND REMOVE
GASEOUS BYPRODUCTS (E.G., INCREASE PRESSURE)

+ v 150

PLASMA SURFACE MODIFICATION

FORM PLASMA USING GASES THAT INCLUDE
FLUORINE AND HYDROGEN

154~ v \-152

FORM AN ADSORPTION LAYER OF HYDROGEN AND
NITROGEN ON SURFACE OF S1-BASED MATERIAL

REMOVE ADSORBED FLUORINE FROM SURFACE OF
(ORGANIC MATERIAL BY REACTING WITH HYDROGEN
TO FORM VOLATILE HF GAS

Figure 1E



WO 2022/164820 PCT/US2022/013740

3/5
212~ 4222
216 ~ J N < 250
232~ N\ \E
\ N©
RF Source O 202~ O
230 \ _ S
X 210 RF Bias
= 2147 Y224
234
220 —
Figure 2
300 ~
350 360
AL AL
r N N\
320 340
RF Source f322 \ 323\
314 ,[

— Y324 326 A" 325 1 —
vacuum vacuum vacuum
pump pump pump

Figure 3



PCT/US2022/013740

WO 2022/164820

7
7

7
7

440

LSS LSS S
[ a3070
g

Figure 4A Figure 4B Figure 4C

IT 448
440 440 440
L"M Lo
i e ok
440 aa0 | 12 432 ey

AT AT AT AT AT 777
<4307 <4307 <4307 <4307 <4307 <4307
i o i
420
410 410 410
Figure 4D Figure 4E Figure 4F
460 ~
AT AT
<4307 /430/
SIS

10

Figure 4G



WO 2022/164820 PCT/US2022/013740
5/5

NNrogen

Nitrogen Trifluoride :

s Hydrogen

Pressure

RF Power ]
T A ‘\\,H/vvvvvvvvvvvvvvvvvvvvv
AL LA AL LA
7 AerRF Power 7 000
AL LA

LSS S LS LSS

S L L L
. . time _-
< h N4 h N4 h ]
T T~ T~ ”~
T1 T2 T3
Plasma CDE Cooldown and cleanup Plasma surface modification

Figure 5



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2022/013740

A. CLASSIFICATION OF SUBJECT MATTER
HO1L 21/311(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO1L 21/311(2006.01); HO1J 37/32(2006.01); HO1L 21/02(2006.01); HO1L 21/027(2006.01); HO1L 21/263(2006.01);
HO1L 21/31(2006.01); HO1L 21/3213(2006.01); HO1L 21/469(2006.01); HO1L 21/768(2006.01)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

eKOMPASS(KIPO internal) & Keywords: cycle plasma etch process, chemical reaction, fluorine radical, suppressing, hydrogen
radical

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

US 2020-0303181 Al (TOKYO ELECTRON LIMITED) 24 September 2020 (2020-09-24)

X paragraphs [0016]-[0102], claim 1 and figures 1-6C 16,18,20
1-3,5-7,9-10,
13-14,17,19

A 48,11-12,15

US 2019-0267211 Al (TAIWAN SEMICONDUCTOR MANUFACTURING CO., LTD.) 29 August 2019
(2019-08-29)

Y paragraphs [0041]-[0042] and figure 8 1-3,5-7,9-10,13-14,17

US 7309659 Bl (RAMKUMAR SUBRAMANIAN et al.) 18 December 2007 (2007-12-18)
Y column 7, lines 3-12 and figures 15-16 19

US 2011-0318919 A1 (MASAHIRO HORIGOME et al.) 29 December 2011 (2011-12-29)
A the entire document 1-20

Further documents are listed in the continuation of Box C. See patent family annex.

*  Special categories of cited documents: “T” later document published after the international filing date or priority

«A” document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand the
to be of particular relevance principle or theory underlying the invention

“D” document cited by the applicant in the international application “X” document of particular relevance; the claimed invention cannot be

“g» earlier application or patent but published on or after the international considered novel or cannot be considered to involve an inventive step
filing date when the document is taken alone

“L” document which may throw doubts on priority claim(s) or which is “Y> document of particular relevance; the claimed invention cannot be
cited to establish the publication date of another citation or other considered to involve an inventive step when the document is
special reason (as specified) combined with one or more other such documents, such combination

“0” document referring to an oral disclosure, use, exhibition or other being obvious to a person skilled in the art
means “&” document member of the same patent family

«p>» document published prior to the international filing date but later than
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
10 May 2022 11 May 2022
Name and mailing address of the [SA/KR Authorized officer
Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Daejeon PARK, Hye Lyun
35208, Republic of Korea
Facsimile No. +82-42-481-8578 Telephone No. +82-42-481-3463

Form PCT/ISA/210 (second sheet) (July 2019)



INTERNATIONAL SEARCH REPORT International application No.

PCT/US2022/013740
C. DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
US 9997373 B2 (LAM RESEARCH CORPORATION) 12 June 2018 (2018-06-12)
A the entire document 1-20

Form PCT/ISA/210 (second sheet) (July 2019)




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members

PCT/US2022/013740
. Patf‘/nt document Publication date Patent family member(s) Publication date
cited in search report (day/month/year) (day/month/year)
uUs 2020-0303181 Al 24 September 2020 CN 108885991 A 23 November 2018
JP 2017-183689 A 05 October 2017
JP 2021-007186 A 21 January 2021
JP 6784530 B2 11 November 2020
KR 10-2018-0128944 A 04 December 2018
KR 10-2022-0025163 A 03 March 2022
KR 10-2362282 Bl 11 February 2022
™ 201807742 A 01 March 2018
™ 1707382 B 11 October 2020
us 10714340 B2 14 July 2020
us 2019-0108997 Al 11 April 2019
WO 2017-170411 Al 05 October 2017
uUs 2019-0267211 Al 29 August 2019 CN 110211857 A 06 September 2019
™ 201937993 A 16 September 2019
uUs 7309659 Bl 18 December 2007 None
uUs 2011-0318919 Al 29 December 2011 CN 102292798 A 21 December 2011
JP 2012-516065 A 12 July 2012
JP 5271426 B2 21 August 2013
KR 10-1269925 Bl 31 May 2013
KR 10-2011-0105847 A 27 September 2011
™ 201044462 A 16 December 2010
us 8765605 B2 01 July 2014
WO 2010-084759 Al 29 July 2010
uUs 9997373 B2 12 June 2018 CN 103053011 A 17 April 2013
CN 103053011 B 23 March 2016
CN 103053012 A 17 April 2013
CN 103053012 B 20 April 2016
CN 103632954 A 12 March 2014
CN 103632954 B 11 August 2017
CN 103703870 A 02 April 2014
CN 103703870 B 08 June 2016
CN 103890916 A 25 June 2014
CN 103890916 B 07 September 2016
CN 104465457 A 25 March 2015
CN 104465457 B 14 September 2018
CN 105719932 A 29 June 2016
CN 105719932 B 02 January 2018
CN 105845535 A 10 August 2016
CN 105845535 B 26 December 2017
CN 106128931 A 16 November 2016
CN 106128931 B 27 April 2018
CN 107424900 A 01 December 2017
CN 109417030 A 01 March 2019
JP 2013-541177 A 07 November 2013
JP 2014-057057 A 27 March 2014
JP 2014-531753 A 27 November 2014
JP 2015-065434 A 09 April 2015
Ip 2016-167606 A 15 September 2016
JP 2018-037668 A 08 March 2018

Form PCT/ISA/210 (patent family annex) (July 2019)



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/US2022/013740

Patent document

Publication date

Patent family member(s)

Publication date

cited in search report (day/month/year) (day/month/year)
JP 2019-050413 A 28 March 2019
JP 5913312 B2 27 April 2016
JP 6110540 B2 05 April 2017
JP 6382719 B2 29 August 2018
JP 6441434 B2 19 December 2018
JP 6641077 B2 05 February 2020
JP 6671446 B2 25 March 2020
KR 10-1871521 Bl 02 August 2018
KR 10-1911562 Bl 04 January 2019
KR 10-1982364 Bl 30 August 2019
KR 10-1983866 Bl 03 September 2019
KR 10-1998542 Bl 09 July 2019

KR 10-2013-0093110
KR 10-2013-0136962
KR 10-2014-0027895
KR 10-2014-0046468
KR 10-2014-0068055
KR 10-2015-0032811
KR 10-2016-0067741
KR 10-2016-0067742
KR 10-2016-0067743
KR 10-2016-0068002
KR 10-2017-0132666
KR 10-2017-0132671
KR 10-2018-0101204
KR 10-2018-0118235
SG 10201405549
SG 10201505975
SG 10201506065
SG 10201601331
SG 10201602732
SG 11201400364

oo R i T s e e i i i e i i S e i i i

™ 201214557
™ 201222635
™ 201316400
™ 201330098
™ 201415560
™ 201528310
™ 201630067
™ 201630072
™ 201635334
™ 201639027
™ 201643955
™ 201701355
™ 201711110
™ 201806028
™ 201835377
™ 201842225
™ 1546857
™ 1552222

21 August 2013
13 December 2013
07 March 2014
18 April 2014
05 June 2014
30 March 2015
14 June 2016
14 June 2016
14 June 2016
14 June 2016
04 December 2017
04 December 2017
12 September 2018
30 October 2018
29 April 2015
29 September 2015
29 September 2015
30 March 2016
30 May 2016
28 April 2014
01 April 2012
01 June 2012
16 April 2013
16 July 2013
16 April 2014
16 July 2015
16 August 2016
16 August 2016
01 October 2016
01 November 2016
16 December 2016
01 January 2017
16 March 2017
16 February 2018
01 October 2018
01 December 2018
21 August 2016
01 October 2016

Form PCT/ISA/210 (patent family annex) (July 2019)




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members

PCT/US2022/013740
. Patf‘/nt document Publication date Patent family member(s) Publication date

cited in search report (day/month/year) (day/month/year)
™ 1562232 B 11 December 2016
™ [578408 B 11 April 2017
™ 1605495 B 11 November 2017
™ 1608544 B 11 December 2017
™ 1609425 B 21 December 2017
™ 1621186 B 11 April 2018
™ 1647731 B 11 January 2019
™ 1680509 B 21 December 2019
™ 1680510 B 21 December 2019
us 10170323 B2 01 January 2019
us 10170324 B2 01 January 2019
us 10181412 B2 15 January 2019
us 10297459 B2 21 May 2019
us 10304693 B2 28 May 2019
us 10373840 B2 06 August 2019
us 10553399 B2 04 February 2020
us 2012-0031559 Al 09 February 2012
us 2012-0034786 Al 09 February 2012
us 2013-0023064 Al 24 January 2013
us 2013-0059448 Al 07 March 2013
us 2014-0054269 Al 27 February 2014
us 2015-0004793 Al 01 January 2015
us 2015-0083582 Al 26 March 2015
us 2015-0206775 Al 23 July 2015
uUs 2015-0357209 Al 10 December 2015
us 2016-0079039 Al 17 March 2016
us 2016-0148786 Al 26 May 2016
us 2016-0163556 Al 09 June 2016
us 2016-0163557 Al 09 June 2016
us 2016-0163558 Al 09 June 2016
us 2016-0163561 Al 09 June 2016
us 2016-0260617 Al 08 September 2016
us 2016-0260620 Al 08 September 2016
us 2016-0268141 Al 15 September 2016
uUs 2016-0343580 Al 24 November 2016
uUs 2016-0358784 Al 08 December 2016
us 2017-0076955 Al 16 March 2017
us 2017-0170026 Al 15 June 2017
us 2017-0178920 Al 22 June 2017
us 2017-0213747 A9 27 July 2017
us 2018-0005852 Al 04 January 2018
us 2018-0174858 Al 21 June 2018
us 2020-0227237 Al 16 July 2020
us 8869742 B2 28 October 2014
us 9039911 B2 26 May 2015
us 9117767 B2 25 August 2015
uUs 9184028 B2 10 November 2015
us 9378971 Bl 28 June 2016
us 9384998 B2 05 July 2016
us 9418859 B2 16 August 2016

Form PCT/ISA/210 (patent family annex) (July 2019)



INTERNATIONAL SEARCH REPORT International application No.
Information on patent family members

PCT/US2022/013740

. Patf‘/nt document Publication date Patent family member(s) Publication date
cited in search report (day/month/year) (day/month/year)
us 9543158 B2 10 January 2017

us 9620377 B2 11 April 2017
us 9793126 B2 17 October 2017
us 9793128 B2 17 October 2017
us 9887097 B2 06 February 2018

us 9997372 B2 12 June 2018
WO 2012-018448 A2 09 February 2012

WO 2012-018448 A3 05 April 2012
WO 2012-018449 A2 09 February 2012

WO 2012-018449 A3 12 April 2012

WO 2013-012591 Al 24 January 2013

WO 2013-036371 A2 14 March 2013

WO 2013-036371 A3 15 May 2014
WO 2018-026867 Al 08 February 2018

Form PCT/ISA/210 (patent family annex) (July 2019)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - wo-search-report
	Page 33 - wo-search-report
	Page 34 - wo-search-report
	Page 35 - wo-search-report
	Page 36 - wo-search-report
	Page 37 - wo-search-report

