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improving etched features. The methods may involve depositing a thin film on a patterned EUV
resist having a stress level that is less compressive than a stress level of the patterned EUV resist.
The resulting composite stress may reduce buckling and/or bulging of the patterned EUV resist.
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REDUCING ROUGHNESS OF EXTREME ULTRAVIOLET LITHOGRAPHY
RESISTS
INCORPORATED BY REFERENCE

[0001] PCT Request Form is filed concurrently with this specification as part of the
5  present application. Each application that the present application claims benefit of or
priority to as identified in the concurrently filed PCT Request Form is incorporated by

reference herein in its entirety and for all purposes.
Background

[0082] Patterning of than films is often a critical step in the fabrication of micro- and
10  nanoscale devices, such as in semiconductor processing for the fabrication of
semiconductor  devices. Patterning  involves  lithography. In  conventional
photolithography, such as 193nm photolithography, patterns are printed by emitting
photons from a photon source onto a mask and printing the pattern onto a photosensitive

photoresist, thercby causing a chemical reaction in the photoresist that, after

wn

development, removes certain portions of the photoresist to form the pattern.

[0003] Advanced technology nodes {as defined by the International Technology
Roadmap for Semiconductors) inchude nodes 22 nm, 16 nm, and beyond. In the 16 nm
node, for example, the width of a typical via or line in a Damascene structure is typically
no greater than about 30 nm. Scaling of features on advanced semiconductor integrated

20 circuits (JCs) and other devices is driving lithography to improve resolution.

[0084] Extreme Ultraviolet (EUV) lithography operates on a 30nm scale with a
different light source and photoresist materials. EUV lithography can cause two types
of roughness in the photoresisi: bigh frequency roughness caused by stochastic effects
from secondary electrons, and low frequency roughness (also known as “wiggling.”)
due to the interactions among the size, geomety and mechanical properties of the resist
materials. Both {ypes of roughness are undesirable.
Summary

100051 Disclosed herein are methods and apparatuses for reducing roughness of an
EUV resist. Roughness is reduced by decreasing the compressive stress of the resist
0  laycr. This may be done by depositing a conformal thin film that has a less compressive,

or even tensile, stress than the resist. The resulting composite stress reduces the
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buckling and/or buiging, and thus decreases low frequency roughness.

[6006] In one aspect of the embodiments disclosed herein, a method of reducing the
roughness of an EUV resist is provided, the method including: providing to a process
chamber a substrate including a patterned EUV resist having a first stress level; and
5 depositing on the patterned EUV resist a conformal thin film having a sccond stress
level that is less compressive than the first stress level, such that a third stress level of
the patterned EUV resist resulting from the depositing of the conformal thin film is less

compressive than the first stress level.

{60671 In various implementations, the substrate is a semiconductor wafer inchuding
13 apartially fabricated semiconductor device. In some embodiments, the conformal thin
film has a thickness of no more than 2 nm. In other embodiments, the conformal thin

film has a thickness of about 1 nm.

[6008] In some implementations, the conformal thin film second stress level is
tensile. In other implementations, the conformal thin film second stress level is

15 compressive.

[6089]  In various embodiments, the patterned EUV resist is characterized by a line
roughness that is decreased after the depositing. In some embodiments, the line
roughness comprises one or more of line edge roughness (LER} and line width
roughness (LWR). In various implementations, the line roughness is a low frequency
20 lineroughness. In some tmplementations, the low frequency line roughuess has aspatial
frequency of less than 0.05 nn!. In some embodiments, the line roughness is a high
frequency line roughness. In various embodiments, the high frequency line roughness

has a spatial frequency of greater than 0.05 nm™.

100181  In some implementations, the conformal thin film comprises a Si-based

25 dielectric. In various implementations, the diclectric is Si0;. In  certain
implementations, conformal thin film is deposited by ALD. In some implementations,
the ALD includes plasma enhanced ALD, wherein a cycle includes flowing an oxygen
plasma with a power between 10W and 2500W and a duty cycle between 25% and
30%.

30 (011] In some embodiments, the EUV resist includes a chemically amplified resist
(CAR). an organo-metal, or an organometal oxide. In various cmbodiments, the organo-

metal oxide is an organo-tin oxide.
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[6012]  In some implementations, the line edge roughness decreases by an amplitude
of from about 0.1 to 1 nm™* (PSD). In certain implementations, the method also includes
etching the substrate layer in the process chamber after the depositing of the conformal
thin film.

[0G13] In another aspect of the embodiments hercin, an apparatus for processing
substrates is provided, the apparatus including: one or more process chambers, cach
process chamber comprising a substrate support; one or more gas inlets into the process
chambers and associated flow-control hardware; one or more substrate handlers; and a
controller having at least one processor and a memory, wherein the at least one
processor and the memory are contmunicatively connected with one another, the at least
one processor is at least operatively connected with the one or more substrate handlers
and the flow-control hardware, and the memory stores computer-cxecutable
instructions for controliing the at least one processor to at least control the one or more
substrate handlers and the {low-control hardware to: provide to a process chamber a
substrate including a patterned EUV resist disposed on a substrate layer to be etched,
the patterned EUV resist baving a first stress level; and deposit on the patterned EUVY
resist a conformal thin film having a second stress level that is less compressive than
the first stress level, such that a third stress level of the patterned EUYV resist resulting

from the depositing of the conformal thin filio is less compressive than the first stress

[0014] These and other features of the disclosed embodiments will be described in

detal) below with reference to the associated drawings.

PCT/US2020/023146
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Brief Description of Drawings

(00151 Figure 1 is a process flow diagram depicting operations for a method in

accordance with the disclosed embodiments.

[0016] FHigure 2 is a schematic illustration of an cmbodiment of atomic layer

deposition.

[6317] Figures 3A is an illustration of high and low frequency roughness.

[0018] Figore 3B is an illustration of reducing high frequency roughness by use of an
embodiment disclosed herein.

[0318] FHigwre 4 1s a data plot showing the effects of various conformal thin films on
LER

100201 Figure 5 is a diagram showing the layers etched using the embodiments
herein.

[0621] Figure 6 is a data plot showing the effects of various conformal thin films on
LER after etching.

[8G22] Figures 7A, 7B, and 7C are schematic diagrams of an example process
chamber for performing disclosed embodiments.

[0623] Figure 8 is a schematic diagram of an example process apparatus for

performing disclosed ernbodiments.

PCT/US2020/023146
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Dictailed Description

(00241  In the following description, numerous specific details are set forth to provide
a thorough understanding of the presented embodiments. Embodiments disclosed
herein may be practiced without some or all of these specific details. In other instances,
5 well-known process operations have not been described in detail to not unnecessarily
obscure the disclosed embodiments. Forther, while the disclosed embodiments will be
described in conjunction with specific embodiments, it will be understood that the

specific embodiments are not intended to limit the disclosed embodiments.

[6025] Hxwreme Ultraviolet (EUV) lithography finds use in semiconductor
10 fabrication at the 30am and below technology nodes. Reducing (e.g., minimizing)
roughness of the resist and the resulting etch can improve process vield and device
performance at increasingly smaller critical dimensions. Roughness may be measured
by line edge roughness (LER) and line width roughness {(LWR) of the resist and the
resulting etch. Reducing (e.g., minimizing) both LER and LWR can enhance the results

15 of the EUV lithography ctch process.

[0626] Roughness can have high and low frequency components, and these
componcnts can be represented using a power spectral density (PSD) curve. Figure 4
has a PSD curve 402 that is representative. PSD curves are typically plotted on a log-
log plot. The horizontal axis represents the spatial frequency of the roughness (which
2 is also the inverse of the wavelength of the roughness, e, (.01nm™ = 100nm), and the
vertical axis is the PSD value, which linearly correlates with LER or LWR. The area
under the PSD curve represents the total vartance, and ideally should be minimized for

any etch process.

[0027] EUV lithography resists post exposure have two general categories of
23 roughness: low frequency and high frequency. High frequency roughness is
characterized by short variations in the resist and may be caused by a variety of factors,
inchuding the secondary electron that is emitted inherently in the EUV lithography
process. This is the arca to the right on the PSD curve 402, at about 0.1 nm™! or higher.
Low frequency roughness is longer wavelength variation in the resist, and is shown on
30 the left part of PSD curve 402, at about 0.01 nm™ or lower. One cause of low frequency
roughness is compressive stress within the resist. Compressive stress within the resist

causgs it to buckle and/or bulge, creating low frequency roughness, sometimes referred
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to as “wiggling

{60281 Some solutions to reducing resist roughness include plasma freatment, carbon
hased deposition, silicon-oxide based deposition, and etch by-product deposition. Each
of these processes has various drawbacks. Plasma treatment may reduce roughness by
5 reflowing the resist, but also reduces the resist height and selectivity. Carbon based
deposition may cause clogging at the top of the mask, interfering with the etch process.
Conventional silicon-oxide based deposition is selective at high aspect ratios, affecting
the critical dimension and potentially causing line breakage or merging. Etch by-
product may reduce sclectivity of the ctch process and prevent successful transfer of
10 the resist pattern. In addition to the various drawbacks of each approach, all of them

only address high frequency roughness.

[0028] An alternative approach to reduce roughness is reducing the compressive
stress within the resist layer. This may be done by depositing a conformal thin film that
has a less compressive, or cven tensile, stress than the resist. The resulting composite
15 stress reduces the buckling and/or bhulging, and thus decreases low frequency

roughness.

[6033] The conformal thin filnm may be deposited by a plasma enhanced atomic layer
deposition (ALD) process. By modulating the O» plasma during the ALD process the
internal stress of the conformal thin film can be altered o be less compressive/more
2 tensile. The resulting composite resist/oxide layer has a resulting composite stress that
is less compressive, and has reduced buckling and/or bulging. The conformal thin film
may be 1-2 am thick in some embodiments while still improving low frequency

roughness.

[0031] Figure 1 provides a process flow diagram for performing operations of a
23 wethod in accordance with disclosed embodiments. Operations in Figure 1 may be
performoed at, for example, a chamber pressure between about 1 mTorr and about 100
Torr, e.g., about 1 mTorr and about 1 Torr. The method shown in Figure 1 generally
relates to conducting a deposition on a semiconductor substrate. Specifically, in
operation 102, a semiconductor subsiratc composed of, or otherwise comprising, a
30 plurality of distinct substrate materials, including a patterned BUV resist layer, is

provided 1o a processing chamber.

(00321  The patterned EUV resist laver may be made of a variety of materials. In some
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embodiments the patterned EUV resist layer may be made of organic or inorganic metal
oxide-containing films, such as organotin oxides, such as are available from Inpria
Corp., or traditional chemically amplified resists from Dow/Rohm, Fujifilm and Shin-
Etsu Polymer. The patterned EUYV resists may also comprise chemically amplified

5 resists. The patterned BEUV resist layer may be 30-40 nm thick, for example.

[6033] Referring to the chamber in which the semiconductor substrate is provided in
operation 102, the chamber may be in a multi-chamber apparams or a single-chamber
apparatus. The scmiconductor substrate may be a silicon wafer, ¢.g., a 200-mm wafer,
a 300-rom wafer, or a 430-mm wafer, including wafers having one or more layers of
10 material, such as dielectric, conducting, or semi-conducting material, deposited
thereon. In some embodiments, the semiconductor substrate includes a blanket layer of

silicon, such as amorphous silicon, or a blanket layer of germanium.

[0034] Insome embodiments, the layers on the substrate may be patterned. Substrates
may have “features” such as via or contact holes, which may be characterized by one
15 or more of narrow and/or reentrant openings, constrictions within the feature, or high
aspect ratios. The feature may be formed in one or more of the above described layers.
One example of a feature is a hole or via in a semiconductor substrate or a layer on the
substrate. Another exarmple is a trench in a substrate or layer. In various embodiments,
the feature may have an under-layer, such as a barrier layer or adhesion layer. Non-
20 limiting examples of under-layers include diclectric lavers and conducting layers, ¢.2.,
silicon oxides, silicon nitrides, silicon carbides, metal oxides, metal nitrides, metal

carbides, and metal layers.

[0635] At operation 104 a conformal thin film is deposited onto the semiconductor
substrate. The conformal thin film may comprise a varicty of materials. In some
25  embodiments the conformal thin film is silicon oxide. In other embodiments the
conformal thin film may be silicon nitride. The conformal thin film may also be made
of carbon based oxides. In various embodiments the conformal thin film is made of a
material that will not be removed during a subsequent etch of the substrate. The
conformal thin film may be less than 3 wm thick, less than 2 nm thick, 1-2 nm thick, or
30 about 2 nm thick. The thickness is insufficient to adversely affect the critical dimension
of the features being fabricated. By varying the conditions of the deposition, the
conformal thin film can be designed to have different levels of internal stress. In some

embodiments, the conformal thin film has an internal tensile stress. In other

3
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embodiments, the conformal thin film has a lower compressive siress than that of the

patterned EUV resist.

[6036] Tn some embodiments the conformal thin film may be deposited by plasma
enhanced ALD. Generally, ALD is a technigue that deposits thin layers of material
5 using sequential sclf-limiting reactions. ALD may be performed using any suitable
technigque. In various embodiments, ALD may be performed with plasma, or may be
performed thermally. Also, operation 104 may be performed in cycles, i.e. referred to

herein as an "ALD cycle.”

[6037] Referring to FIG. 2, a schematic illustration of a thin film is deposited on a
10 subsiratc by ALD is shown. In various embodiments, a silicon-containing film is
deposited, for exammple silicon oxide {e.g., Si{}, silicon oxynitride or silicon nitride.
ALD is a technique that deposits thin layers of material using sequential self-limiting
reactions. ALD may be performed using any swvitable technigue. In various
embodiments, ALD may be performed with plasma, or may be performed thermally,

15 and may be performed in cycles.

[0638] The concept of an “ALD cycie” is relevant to the discussion of various
embodiments berein. Generally an ALD cycle is the minimum set of operations used to
perform a surface deposition reaction one time. The result of one cycle is production of

at lcast a partial silicon-comtaining film layer on a substrate surface, such as the

2 sericonductor substrate material of operation 104, Typically, an ALD cycle includes
operations to deliver and adsorb at least one reactant to the substrate surface, and then

react the adsorbed reactant with one or more reactants to form the partial layer of film.

The cycle may include certain ancillary operations such as sweeping one of the
veactants or byproducts and/or treating the partial film as deposited. Generally, a cyele

23 contains one instance of a unique sequence of operations. As an example, an ALD cycle
way include the following operations: (i) delivery/adsorption of a silicon-containing
precursor, (i) purging of silicon-containing precursor from the chamber, (i) delivery

of a second reactant {e.g., an oxidant) and a plasma, and (iv) purging of plasma from

the chamber.
30 [863%] In accordance with this disclosure, mid-batch conditioning purging may be
used at appropriate intervals between ALD cycles to increase batch sizes. According to

various embodiments, the deposition/mid-bath conditioning purge cycles may be
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repeated throughout the batch ontil the maximum accumulation limit is reached.

(00401 FiG. 2 shows an ecxample schematic illustration of an ALD cycle for
depositing silicon oxide (8i0):). Diagrams 282a-282¢ show a generic ALD cycle. In
282a, a silicon substrate is provided, which includes many silicon atoms. In 282b, a
5 silicon-containing precursor or silicon source is introduced to the substraie, and some
silicon atoros adsorb on the substrate. In 282¢, un-adsorbed silicon-containing precursor
or silicon source are purged from the chamber. In 282d, oxygen is introduced as oxygen
radicals and the adsorbed silicon reacts with the oxygen radicals on the surface of the
substrate to form a 5iOq film. In 282¢, the chamber is purged and the byproducts are

13 removed, leaving behind a deposited layer of 510..

{6041} In some cmbodiments, the films deposited by ALD may be highly conformal.
Conformality of films may be measured by the step coverage. Step coverage may be
calculated by comparing the average thickness of a deposited film on a bottom,
sidewall, or top of a featurc to the average thickness of a deposited film on a bottom,
15 sidewall, or top of a feature. For example, step coverage may be calculated by dividing
the average thickness of the deposited film on the sidewall by the average thickuess of
the deposited film at the top of the featre and multiplying it by 100 to obtain a

percentage.

[6042] Unlike a chemical vapor deposition (CVD) technique, ALD processes use
2 surfacc-mediated deposition reactions 1o deposit films on a layer-by-layer basis. In one
cxample of an ALD process, a substrate surface, including a population of surface
active sites, is exposed to a gas phase distribution of a first precursor, such as a silicon-
containing precursor, in a dose provided to a process chamber housing the substrate.
Molecules of this first precursor are adsorbed onto the substrate surface, including
25 chemisorbed species and/or physisorbed molecules of the first precursor. {t should be
understood that when the compound is adsorbed onto the substrate surface as described
herein, the adsorbed layver may include the compound as well as derivatives of the
compound. For example, an adsorbed layer of a silicon-containing precursor may
inchude the silicon-containing precursor as well as derivatives of the silicon-containing
30 precursor. In certain embodiments, an ALD precursor dosce partially saturates the
substrate surface. In some embodiments, the dose phase of an ALD cycle conchiudes
before precursor contacts the substrate to evenly saturate the sarface. Typically, the

precursor flow is turned off or diverted at this point, and only purge gas flows. By
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operating in this sub-saturation regime, the ALD process redaces the cycle time and
increases throughput. However, because precursor adsorption is not saturation limited,
the adsorbed precursor concentration may vary slightly across the substrate surface.
Examples of ALD processes operating in the sub-saturation regime are provided in U.S.
Patent Application No. 14/0361,587, filed October 23, 2013, titled “SUB-SATURATED
ATOMIC LAYER DEPOSITION AND CONFORMAL FILM DEPOSITION,” which
is incorporated herein by reference in its entirety. After a first precursor dose, the
reactor is then evacuated o remove any fivst precursor remaining in gas phase so that
only the adsorbed species remain. A second reactant, such as an oxygen or nitrogen-
containing gas, is introduced to the reactor so that some of these molecules react with
the first precursor adsorbed on the surface. In some processes, the second precursor
reacts iramediately with the adsorbed first precursor. In other embodiments, the second
precursor reacts only after a source of activation is applied temporally. The reactor may
then be evacuated again to remove unbound second precursor molecules. Additional

ALD cycles may be used to huild film thickness.

[0043] Tn some implementations, the ALD methods include plasma activation, such
as when the second reactant is delivered to a chamber. As described herein, the ALD
method and apparatuses described herein may be conformal film deposition (CFD)
methods, which are described generally in ULS, Patent Application No. 13/084,399
(mow U.5. Patent No. §,728556), filed April 11, 2011, and ttled "PLASMA
ACTIVATED CONFORMAL FILM DEPOSITION,” and in U.S. Patent Application
MNo. 13/084,305, filed Aprid 11, 2011, and titled “SILICON NITRIDE FILMS AND
METHODS,” which are herein incorporated by reference in its entireties. Additional
examples of ALD processes are described in Puurunen, “Surface chemistry of atomic
layer deposition: for the trimethylaluminum/water process”, 97 1. Applied Physics
12301 (2005), which is herein incorporated by reference for the purpose of providing

description for suttable ALD processes.

[06044] Insome cmbodiments, a carrier gas, such as Na, Ar, Ne, He, and combinations
thercof, may be continuously flowed. The carvier gas may be used as a purge gas. The
inert gas may be provided to assist with pressure and/or temperature control of the
process chamber, evaporation of a liquid reactant, more rapid delivery of the reactant
and/or as a sweep gas for removing process gases from the process chamber and/or

process chamber phumbing.

10
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[6045] In an adsorption operation of an ALD cycle, the substrate may be exposed to
a film precursor, such as silicon tetrachloride (SiCl4} or an aminosilane, to adsorb onto
the substrate surface. In some cmbodiments, the film precursor may be a silicon-
containing precursor. {1 some embodiments the film precursor is bis(tertiary-buatyl-
ammo)silane (BTBAS). In some embodiments, the film precursor, such as SiCly, may
be adsorbed onto about 60% of the substrate surface. In various ecmbodiments, when
the filro precursor is flowed to the chamber, the film precursor adsorbs onto active sites
on the surface of the substrate, forming a thin layer of the film precursor on the surface.

In various embodiments, this layer may be less than a monolayer.

[0046] After adsorption, the chamber may be optionally purged to remove excess
precursor in gas phase that did not adsorb onto the surface of the substrate. Purging may
mvelve a sweep gas, which may be a carrier gas used in other operations or a different

gas. In some embodiments, purging may involve evacuating the chamber.

{60471 In asecond reactant delivery operation of an ALD cycle, the substrate may be
exposed to a second reactant and, optionally, a plasma. In varicus embodiments, the
second reactant is oxygen (02} or nitrogen (N3} or combinations thereof. In some
cmbodiments where a silicon oxide layer is deposited, oxygen is used as the second
reactant. In some embodiments, second reactant flow and the plasma are both turned
on. In some embodiments, second reactant flow may be turned on priov to turning on

the plasma to, for cxample, allow the second reactant flow {o stabilize.

[0048] In some embodiments, the optional plasma is an in-sita plasma, such that the
plasma is formed directly above the substrate surface in the chamber. In various
cmbodiments, the plasma may be an inductively coupled plasma or a capacitively
coupled plasma. An inductively coupled plasma ray be set at a plasma between about
S50W and about 2000W. In some embodiments, the plasma may be turned on and off
according to duty cycles (DC), where the plasma power is cycled on and off. In some
embodiments, the duty cycle could vary between 25% and 50%, meaning the plasma is
mirned on between 25% and 30% of the operation time. In some embodiments, a bias
may be applied between about 0V and about S00V. During delivery of the second
reactant, the filin precursor, such as SiCly, is turned off. The substrate may be exposed
to the sccond reactant and the optional plasma for a duration that exceeds a time for
plasma o interact with all precursors adsorbed on the substrate surface, forming a

continuous film atop the substrate surface.

11
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[0049]  After the second reactant delivery operation, the chamber may be purged, such
as by introducing a carrier or inert gas. Conditions for this operation may be any of

those described above for purge processes.

1003¢] In various embodiments, ALD cycles may be repeated. For example,
operations for ALD may be performed for about 5 to about 70 cycles. Any suitable
number of deposition cycles may be included to deposit a desired film thickness of the
deposited film. In some embodiments, an ALD cycle may deposit about 1A per cycle.
Depending on the exposure time of the operations, cach cycle may deposit a film, such
as a silicon oxide or silicon oxynitride film, having a thickness between about 0.05A
and about SA. In some embodiments, about two to about three cycles of ALD may be
performed per minute. In some embodiments, more than about three cycles may be
performed per minute, such as in chambers with inlets positioned to be closer to the

substrate.

(00511 Reting to Fig. 1, at operation 106 the substrate s optionally ciched. In some
embodiments, etching the substrate vnderlying the patterned EUV resist follows the
EUV resist patterning, as described above. The etching can occur immediately
following the EUV resist patterning, in the same chamber, and without breaking
vacuum. The pattemed EUV resist and conformal thin film act as a mask o the
substrate, such that areas covered by the patterned EUV resist are not etched. The
conformal thin film may have a lower etch rate than the substratc material to ensure it
remains on the patterned EUV resist throughout the ctch process. Due to the more
tensile stress of the conformal thin film, the patterned EUV resist and conformal thin
film layer have reduced LER andfor LWR, which also reduces the LER and LWR of

the etched substrate underneath.

[6052] Example process conditions for depositing a conformal thin film as shown in

Fig. 1 are provided in the table below:

First Reactant Second Reactant
Pressure 1mT o 100Tory 1mT to 100Torr
Power ow 10 to 2500W
Bias ov OV to 50V
Temp =100 o 200C -10C to 200C

PCT/US2020/023146
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Time (.55 to 48 0.5t04s
Flow S50scem to S000scem 50scem to 5000scem

{60531 Figure 3A and 3B are illustrations of roughness with and without a conformal
thin filmn fayer as described herein. In Figure 3A, resist 302a is an illustration of part of

a resist that may be developed on a semiconductor substrate. Resist 3022 has a

W

compressive internal stress, which causes buckling of the resist and thus increased LER
and LWR. Resist 302a can be represented by low frequency roughness 303-1 and high
frequency roughness 303-2, which respectively represent two types of roughness of
resist 302a. Low frequency roughness 303-1 is caused in part by the compressive stress

of resist 302a, which causes buckling and/or bulging.

10 [0054] Figure 3B is an illustration of an EUV resist according to an embodiment
disclosed herein. Resist 302b has a conformal thin film 3035 deposited on it. Conformal
thin film 305 is characterized by a tensile stress or a less compressive stress than the
resist 302b, and the addition of conformal thin film 305 results in composite resist 306,
which has less compressive stress than resist 302b. Due to the reduced compressive

15 stress, composite resist 306 has redoced low frequency roughness.

[0035]  Insome embodiments conformal thin film 303 is silicon oxide deposited using
plasma enhanced ALD. Alterations to the plasma enhanced ALD process can deposit a
thin filr that has varying levels of internal stress, from compressive to tensile. By
depositing a thin film that has less compressive stress than the resist, the thin film
2 counteracts the compressive stress of the resist and reduces the buckling and/or bulging
that may occur, resulting in less low frequency roughness. In other embodiments a
ditferent dielectric material may be used, so long as it has a less compressive stress than

the resist.

[0056] Figure 4 is a graph and chart showing the effects of conformal thin films
25  deposited on an EUV resist under varying ALD conditions for an example in
accordance with this disclosure. Graph 402 shows the power spectral density (PSD)
curves of four different deposition conditions. As PSD values directly correlate with
line edge roughness (LER), a lower PSD value also means less LER. Line 404 is the

PSD of the BEUV resist without any treatment. Line 405 is the PSD of the EUV resist

[N
2



WO 2020/190941 PCT/US2020/023146

after depositing a conformal thin film made of silicon oxide at 300W S0%D(C. Line 406
is the PSD of the EUV resist after depositing a conformal thin film made of silicon
oxide at 75W 3%DC. Line 407 is the PSD of the BUV resist after depositing a
conformal thin film made of silicon oxide at 75W 50%DC. As graph 402demonstrates,
5 hne 404 has the largest PSD values with no conformal thin film, while lines 445-407
demonstrate imaproved PSD values. The table below shows the process conditions for

the reactants in the ALD cycle for each conformal thin film in this example. The process

conditions for the first reactant for each conformal thin filim was the same across all

conformal thin films, while the process conditions tor the second reactant varied.

First Second Reactant | Second Second Reactant
Reactant TIW 530%1C Reactant 300W | 73W 3%DC
{(Same for 509%DC
all)
Pressure O0mT 30mT 30mT 30mT
Power oW T5W 50%DC 300W 50%DC | 75W 3%DC
Bias v ov ov ov
Temp 60C 60C 60C 60C
Time s 1.5s 1.5s 1.5s
Flow 50pl/min 200scem Gy, 200scem Os, 200accm Oy,
BTBAS, 500 | 1000sccm He, 1000scem He, 1000scem He,
scem He 1000scem Ax 1000scom Arx 1000scem Ax
Cycle 10 16 10 16
mimber
Thickness | N/A 13nm 13nm {0.9nm
10
[6057] Chart 412 provides additional information related to graph 402. Rows 414-
417 demonstrate the correlation between process conditions, internal thin film stress,
and PSD values at a spatial frequency of 0.01nm™. Roughness with a spatial frequency
of 0.01 am™ is considered a low frequency roughmness, and thus lower PSD values at
15 this spatial frequency generally correlate with reduced low frequency roughness. Row
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414 correlates with line 404, showing data for the EUV resist without any conformal

thin film, with a PSD value of 13.4 nm*. Row 415 correlates with line 405, showing
data for a conformal thin film deposited on the EUV resist at 75W S0%DC, which had

an internal stress of +23MPa (Positive numbers are tensile stress, while negative

5  numbers denote compressive stress) and a resulting PSD value of 5.4 nm*, a 60%
improvement over the PSD value of the EUV resist without the conformal thin filo
Row 416 correlates with line 406, showing data for a conformal thin fm deposited on

the EUYV resist at 300W 50%DC, which had an internal stress of -25MPa and a resulting
PSD value of 8.12 nm*, a 40% improvement. Finally, row 417 correlates with line 407,

10 showing data for a conformal thin film deposited on the EUV rvesist at 75W 3%DC,
which had an internal stress of -46MPa and a PSD value of 11.5 nm?, marking a 14%
improvement over the original PSD value of the BEUV resist without a conformal thin

film.

[O058]  As is clear from the graph and chart, the EUV resist with a conformal thin
15 film having the greatest tensile stress had the lowest PSD value, and therefore lowest
LER. EUV resists without any conformal thin film or a conformal thin fibm with less

tensile stress had larger PSD values, and hence greater LER.

[0059] Figure 5 is an illustration of one application for EUV resists. Stack 502 is a
series of substrate layers with an EUV resist 503 on top. The EUV resist is patterned,
20 such that during an etch process features are formed in the substrate layers. The features
are etched to a depth 504, which in this example is about 185 nm, but the feature depth
could be larger or smaller. As the feature is etched through the layers, the roughness of
the EUV resist will affect the roughness of the etched layers. Inage 506 represents an
image of etched features in a substrate, where cach feature has variations. By improving
25  the roughness of the EUV resist, the roughness of the etched features will also be

tmproved.

(00601  Figure 6 is a graph and a table showing the effects of films deposited under
varying ALD conditions on LER of a target layer. Graph 602 shows the PSD cuarves
pnder four different conditions. As PSD valoes directly correlate with LER, a lower
30 PSP value also roeans less LER. Line 604 is the PSD of the EUY resist layer without a
conformal thin film and before ctching the substrate. Line 603 is the P3D of the target
tayer after etching with an EUV resist not having a conformal thin film. Line 606 is the

PSD of the target layer after etching using an EUV resist having a conformal thin film
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made of silicon oxide at 75W 30%DC. Line 607 is the PSD of the target layer after
etching using an EUV resist having a conformal thin film made of silicon oxide at 75W
3%DC after etching the substrate. As the chart demonstrates, line 604 has the largest
PSD values with no conformal thin film, while lines 605-607 demonstrate improved
PSD values. The two conformal thin films were deposited under the same or similar

process conditions as shown in Figure 4, above.

[6061] Chart 612 provides additional information related to graph 602. Rows 614-
617 provide stress, PSD values at a spatial frequency of 0.01nm”, and percentage
improvement of the PSD value hefore etching, and percentage improvement of the PSD
value after etching. Roughness with a spatial frequency of 0.01 nm™ is considered a low
frequency roughness, and thus lower PSD values at this spatial frequency generally
corrclate with reduced low frequency roughness. Row 614 shows data for the EUV
resist layer without a conformal thin film and before etching. Row 615 shows data for
the target layer after etching using an BEUV vesist layer without a conformal thin film.
Row 6106 shows data for a conformal thin filin deposited on the EUV resist at 75W
50%DC, which had an internal stress of +25MPa (Positive namber correlate to tensile
stress, while negative numbers denote compressive stress). Finally, row 617 shows data
for a conformal thin film deposited on the EUV resist at 75W 3%D{C, which had an

internal stress of -46MPa.

[6062] Columns 618 and 619 demonstrate the improvement from using a conformal
thin filro as disclosed herein, The values in column 618 represent the iraprovement in
the PSD value of an EUV resist having a conformal thin film compared to an EUVY
resist without a conformal thin film. These numbers are the same as those shown in
Figure 4 for the same process conditions. The values in column 619 represent the
improvement in the PSD value after etching the target layer with and without a
conformal thin film. A modest decrease of 10% in roughness can be achieved by the
etch process. Adding in a conformal thin film, however, may dramatically decrease the
roughness. Depositing a conformal thin film under 75W and 50% DC will cause a 60%
decrease in roughness before etching, and a 72% decrease in roughness after etching.
Depositing a conformal thin film under 75W and 3% DC will cause a comparatively
lower 14% decrease in roughness before etching, but the etch process leads o a 37%

decrease in roughness after etching.

[3363]  As is clear from the graph and chart, EUV resists with conformal thin films

16
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having greater tensile stress had smaller PSD values, and therefore less LER, than EUV
resists without a conformal thin film or conformal thin films with less tensile stress.
The reduction in LER of the EUV resist can then be translated to the target layer during

subsequent etch processes, reducing the LER and LWR of etched features.
5  APPARATUS

[0064] Figure 7A is a schematic cross-sectional diagram showing a plasma
processing system that may be used for ctching operations, in accordance with various
embodiments. The system includes a chamber 732 that includes a chamber body 714, a
chuck 716, and a dielectric window 706. The chamber 732 includes a processing region
10 and the dielectric window 706 is disposed over the processing region. The chuck 716
can be an electrostatic chuck for supporting a substrate 712 and is disposed in the
chamber below the processing region. In some emsbodiments, an internal Faraday shield
{not shown) is disposed inside the chamber 700 beneath the diclectric window 706. A
TCP coil 734 is disposed over the dielectric window 706 and is connected o match

13 circuitry 702.

[0665] The system includes a bias RF generator 720, which can be defined from one
or more generators. If multiple generators are provided, different frequencies can be
used to achieve various tuning characteristics. A bias match 718 is coupled between the
RF generators 720 and a conductive plate of the assembly that defines the chuck 716.
2 The chuck 716 also includes electrostatic electrodes to enable the chucking and
dechucking of the wafer. Broadly, a filter and a DC clamp power supply can be
provided. Other conirol systems for lifting the wafer off of the chuck 716 can also be

provided.

[0066] A first gas injector 704 provides two different channels to inject two separate
25 streams of process gases or liquid precursor (in vapor form) to the chamber from the
top of the chamber. It should be appreciated that multiple gas supplies may be provided
for supplying different gases to the chamber for various types of operations, such as
process operations on wafers, waferless auto-cleaning (WAC) operations, and other
operations. A second gas injector 710 provides another gas stream that enters the

30 chamber through the side instead of from the top.

[6067] In the cmbodiment of Figure 74, independent gas streams may be delivered

into the chamber. One stream can be injected through a center of injector 704. A second

17
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stream can be injected also through injector 704, but via a different path that surrounds
the center of injector 704. The third stream may be injected into the side of the chamber
via side injector 710. In one embodiment, gas injector 704 also provides for optical
access nto the process chamber, for example, along an axial path from a diagnostic
5  endpoint outside the process chamber through an optical access window. More details
for optical access into the chamber may be found in U.S. Patent No. 7,928,366, entitled
“Methods of and Apparatas for Accessing a Process Chamber Using a Dual Zone Gas
Injector with Improved Optical Access,” and issued on Aprii 19, 2011, the disclosure

of which is incorporated herein by reference.

10 [8068] The various ways of injecting gases into the chamber have been described to
tHustrate that the etch gases and/or the liquid precursor can be provided into the
chamber from various locations. In some cases, only the injector 704 is used. In other
cases, only the side injector 710 is used. In other cases, hoth the injector 704 and the
side tijector 710 may be used. In one configuration, manifolds 722 control which gases

15 are supplicd to cach of the three different gas lines. Manifolds 722 allow for any {ype
of gas (reactant, tuning, precursor, etc.) to be provided to any of the three different gas
lines. In some embodiments tuning gases can include gases such as oxygen (O} or
helium (He). The gases may be sent into the chamber without mixing, or be mixed with

other gases before introduction into the chamber.

20 [B06%] A vacuum pump 730 is connected to the chamber 732 to enable vacuum
pressure controf and removal of gascous byproducts from the chamber during
operational plasma processing. A valve 726 is disposed between exhaust 724 and the
vacuum pump 730 to control the amount of vacuum suction being applied to the

chamber.

25 78] The dielectric window 706 can be defined from a ceramic material or a
ceramic-type material. Other dielectric materials arc also possible, so long as they are
capable of withstanding the conditions of a semiconductor etching chamber. Typically,
chambers operate at clevated temperatures ranging between zero degrees Celsius and
approximately 200 degrees Celsius. The temperature will depend on the etching process

30 operation and specific recipe. The chamber 732 will also operate at vacuum conditions
in the range of between about 1 mTorr (m'T) and about SO0 mTorr (mT). As used herein,
the terms “about” and “approximately” mean that the specified parameter can be varied

within a reasonable tolerance, ¢.g., + 20%.
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[0071] Although not all specifically shown, chamber 732 is typically coupled to
facilities when installed in cither a clean room or a tabrication facility. Facilities include
plombing that provide, among other things, processing gases, vacuum, tomperature
control, and envirommnental particle control. These facilities ave coupled to chamber
732, when installed in the target fabrication facility. Additionally, chamber 732 may be
coupled to a transter chamber that will enable robotics to transfer semiconductor wafers

into and out of chamber 732 using automation.

[0072] A programmable coniroller 708 is provided for controlling the operation of
the chamber 732 and its associated components. Broadly speaking, the controller 708
can be programmed to execule a chamber operation defined by a recipe. A given recipe
may specify various parameters for the operation, such as the application of power to
the TCP coils, the flow of gas into the chamber, and the application of vacuum. It should
be appreciated that the timing, duration, magnitude, or any other adjustable parameter
or controllable feature can be defined by a recipe and carried out by the controller to
control the operation of the chamber 732 and its associated components. Additionally,
a series of recipes may be programmed into the controlier 708. In one embodiment, the
recipe is configured to process etch operations and includes one or cycles of an atomic

layer deposition {ALDr} process performed in between cach of the etch operations.

[0073] FHigwre 7B is a schematic cross-sectional diagram of a plasma processing
system that may be used for ctching operations, in accordance with various
embodiments. As shown in Figure 7B, chuck 716 is disposed within chamber body 714,
which is provided with dielectric window 706. In one embodiment, chuck 716 is an
electrostatic chuck for supporting a substrate 712. A TCP coil 734 is disposed over the
dielectric window 706 and s connecied to match circuitry 702, which is coupled to RF
generator 721, In the embodirent of Figure 7B, delivery systems 728 include etch gas
delivery system 727 and hiquid delivery system 729. Bich gas delivery system 727
delivers etchant gases to manifolds 722 via conduit 703. Liquid delivery systerm 729
delivers liquid precursor (in vapor form) to manifolds 722 via conduit 701, as will be
explained in more detail below with reference to Figure 7C. The manifolds 722, in
response to control from controller 108, enable the outputs from the respective delivery
systemns to flow to the chamber body 714 via conduit 705 at the appropriate times by
selecting, switching, and/or mixing the outputs using, for example, a plurality of valves

for switching between gases and/or vapor. The outputs from the respective delivery
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systems flow from conduit 705 into the chamber body 714 via gas injector 704, which
is focated at the top of the chamber body. To facilitate purging of the charmber, the base
of chamber body 714 is provided with an outlet 715, which is connected in flow
communication with a pamp 717, In one embodiment, the pump 717 is a trbopump.
Those skilled in the art will appreciate that the base of chamber body 714 can be

provided with multiple outlets cach of which is connected to a suitable pump.

[0074] Figure 7C is a schematic diagram that illastrates additional details of a liquid
delivery system that may be used in accordance with various erabodiments. As shown
in in Figure 7C, lquid delivery system 729 includes a source of liquid precursor 758, a
liquid flow controller 760, and a vaporizer 762. The source of liquid precursor 758 can
be coupled in flow communication to facilities that provide suitable liquid precursors.
As stated above, any ligquid precursor capable of forming a conformal atomic monolayer
can be used. The Hauid precursor flows from source 758 to liquid flow controller 760,
which regulates the amount of {flow based on instruction received from controller 708
(see, e.z., Figure 7B). In onc embodiment, the amount of the liquid precursor is in the
range frorn about 50 microliters to about 1,000 microliters. The liquid precursor flows
from the liquid flow controiler 760 to vaporizer 762, which converts the liquid
precursor from the lgquid state to the vapor state. The vaporized precursor flows (o
manifolds 722, which, based on control received from the controller 708, supplics the
vaporized precursor to gas injector 704 (see, e.g., Figure 7A) at the appropriate time.
The vaporized precursor flows through gas injector 704 into the chamber 732 defined

hy chamber body 714 (see, e.g., Figure 7A).

[00753] As described above, one or more process stations may be included in a
muiti-station processing tool. Figure 8 shows a schematic view of an embodiment of a
muiti-station processing tool 800 with an inbound load lock 802 and an outbound load
tock 804, either or both of which may include a remote plasma source (not shown in
Figure 8). A robot 806, at atmospheric pressure, is configured to move waters from a
cassette loaded through a pod 808 into inbound load lock 802 via an atmospheric
port 810. A wafer (not shown in Figure 8) is placed by the robot 806 on a pedestal 812
in the inbound load lock 802, the atmospheric port 810 is closed, and the inbound load
lock 802 is pumped down. Where the tnbound load lock 802 includes a remote plasma
source, the wafer may be exposed to a remote plasma treatment in the inhound load

tock 82 prior to being introduced into a processing chamber 814. Fuarther, the wafer
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also may be heated in the inbound foad lock 802 as well, for example, to remove
woisture and adsorbed gases. Next, a chamber transport port 816 to processing
chamber 814 is opened, and another robot (not shown) places the wafer into the reactor
on a pedestal of a first station shown in the reactor for processing. While the
embodiment depicted in Figure 8 includes load locks, it will be appreciated that, in

sorae embodiments, direct entry of a wafer info a process station may be provided.

[0076] The depicted processing chamber 814 includes four process stations,
numbered from 1 to 4 in the embediment shown in Figure 8. Each station has a heated
pedestal (shown at 818 for station 1), and gas line inlets. It will be appreciated that in
some embodiments, each process station may have different or multiple purposes. For
cxample, in some embodiments, a process station may be switchable between an ALC,
an ALD and plasma-enbanced ALD process mode. In some embodiments, exposure (o
a deposition precursor and exposure to a second veactant and plasma are performed in
the same station. Additionally or aternatively, in some embodiments, processing
chamber 814 may include one or more matched pairs of ALD and plasma-enhanced
ALD process stations. While the depicted processing chamber 814 includes four
stations, it will be understood that a processing chamber according to the present
disclosure may have any suitable number of stations. For example, in some
cmbodiments, a processing chamber may have five or more stations, while in other

embodiments a processing chamber may have three or fewer stations.

[06077] Figuwre 8 depicts an embodiment of a wafer handling system 890 for
wansfercing wafers within processing chamber 814. In some embodiments, wafer
handling system 890 may transfer wafers between various process stations and/or
between a process station and a load lock. It will be appreciated that any suitable wafer
handling system may be employed. Non-limiting examples include wafer carousels and
wafer handling robots. Figure 8 also depicts an embodiment of a system controtier 850
employed to control process conditions and hardware states of process tool 800. System
controller 830 may be the same as, or different than, controller 708. System
controller 830 may include one or more memory devices 856, one or more mass storage
devices 854, and one or more processors 852, Processor 852 may inchude a CPU or
computer, analog, and/or digital input/output connections, stepper motor controlier

boards, etc.

100781  In some embodiments, system controller 850 controls all of the activities of

21
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process tool 800. System controller 830 execuies system control software 858 stored in

mass storage device 854, loaded into memory device 856, and executed on
processor 852, Alternatively, the control logic may be hard coded in the controlier 850.
Applications Specific Integrated Circuits, Programmable Logic Devices (e.g.,

5  field-programmable gate arvays, or FPGAs) and the like may be used for these
purposes. In the following discussion, wherever “software” or “code” is used,
functionally comparable hard coded logic may be used in its place. System control
software 858 may include instructions for controlling the timing, mixture of gases, gas

tlow rates, chamber and/or station pressure, chamber and/or station teraperature, wafer

10 temperature, target power levels, RF power levels, substrate pedestal, chuck and/or
susceptor position, and other parameters of a particular process performed by process

tool 800. System control software 858 may be configured in any suitable way. For
cxample, various process tool component subroutines or control objects may be written

to control operation of the process tool components used to carry out various process

15 tool processes. System control software 858 may be coded in any suitable computer

readable programming language.

[6079] Insome embodiments, system control software 858 may include input/output
control (10}C) sequencing instructions for controlling the various parameters described
ahove. Other commputer software and/or programs stored on mass storage device 854
20 and/or memory device 856 associated with system controller 850 may be emploved in
some embodiments. Examples of programs or sections of programs for this purpose
include a substrate positioning program, a process gas control program, a pressure

control program, a heater control program, and a plasma control program.

[0080G] A substrate positioning program may include program code for process tool
25  components that are used to load the substrate onto pedestal 818 and to control the

spacing between the substrate and other parts of process tool 800.
{60811 A process gas control program may include code for controlling gas
composition {¢.g., silicon-containing gases, oxygen-containing gases, and purge gases
as described herein) and flow rates and optionally for flowing gas into one or more
30 process stations prior to deposition in order to stabilize the pressure in the process
station. A pressure control program may include code for controlling the pressure in the
process station by regulatng, for example, a throttle valve in the exhaust system of the
process station, a gas flow into the process station, ete.
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[0082] A heater control program may include code for controlling the current to a
heating unit that is used to heat the substrate. Alternatively, the heater control program

may control delivery of a heat transfer gas (such as helium) to the substrate.

[0083] A plasma control program may inchide code for setting RF power levels
5 applied to the process clectrodes in one or more process stations in accordance with the

embodiments heremn.

[0084] A pressure control program may include code for maintaining the pressure in

the reaction chamber in accordance with the embodiments herein.

[0085] In some embodiments, there may be a user interface associated with system
10 controller 850, The user interface may include a display screen, graphical software
displays of the apparatus and/or process conditions, and user input devices such as

pointing devices, keyboards, touch screens, microphones, etc.

[0086] Tn some embodiments, parameters adjusted by system controller 850 may

relate to process conditions. Non-limiting examples include process gas composition

[
A

and flow rates, temperature, pressure, plasma conditions (such as RF bias power levels),
etc, These parameters may be provided to the user in the form of a recipe, which may

be entered utilizing the user interface.

[00871  Signals for monitoring the process may be provided by analog and/or digital
input connections of system controller 850 from various process tool sensors. The
20 signals for controlling the process may be output on the analog and digital output
connections of process tool B0, Non-limiting examples of process tool sensors that
may be monitored include mass flow controllers, pressure sensors {such as
manometers), thermocouples, cte. Appropriately programmed feedback and control

algorithms may be used with data from these sensors to maintain process conditions.

25 [0088] Systemn controller 850 may provide program instructions for implementing the
above-described deposition processes. The program instructions may control a variety
of process paramcters, such as DC power level, RF bias power level, pressure,
temperature, ete. The instructions may control the parameters to operate in-situ
deposition of film stacks according to various embodiments described herein.

30 (00891 The system controller 850 will typically include one or more memory devices

and one or more processors configured to execute the instructions so that the apparatus

will perform a methoed in accordance with disclosed embodiments. Machine-readable

k)
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media containing instructions for conwolling process operations in accordance with

disclosed embodiments may be coupled to the system controller 85G.

[60%6]  Insome implementations, the system controtler 830 is part of a system, which
may be part of the above-described examples. Such systems can inchude semiconductor
processing cquipment, including a processing tool or tools, chamber or chambers, a

platform or platforms for processing, and/or specific processing components (a wafer
pedestal, a gas flow system, etc.). These systems may be integrated with electronics for
controlling their operation before, during, and after processing of a semiconductor
wafer or substrate. The electronics may be referred to as the “controller,” which may
control various components ¢r subparts of the system or systems. The system
controller 850, depending on the processing conditions and/or the type of system, may
be programmed to control any of the processes disclosed herein, including the delivery
of processing gases, terpperature settings {e.g., heating and/or cooling), pressure
setings, vacuum setiings, power settings, radio frequency (RF) generator settings, RF

watching circuit settings, frequency scttings, flow rate settings, fluid delivery settings,
positional and operation settings, water transfers into and out of a tool and other transfer

tools and/or load locks connected to or interfaced with a specific system.

[0691] Broadly speaking, the system controller 850 refers to clectronics having
various integrated cirvcuits, logic, memory, and/or software that receive instructions,
issue instructions, control opcration, enable cleaning operations, enable endpoint
measurcments, and the like. The integrated circuits may include chips in the form of
firmware that store program instructions, digital signal processors (DSPs), chips
defined as application specific integrated civcuits (ASICs), andfor one or more
microprocessors, or microcontroliers that execute program instructions (e.g., software).
Program instructions may be instructions conununicated to the systerm controller 850
in the form of various individual settings {or program files), defirung operational
parameters for carrying out a particular process on o for a semiconductor wafer or to a
system. The operational parameters may, in some embodiments, be part of a recipe
defined by process engineers to accomplish one or more processing steps during the
fabrication of one or more layers, materials, metals, oxides, silicon, silicon dioxide,

surfaces, circuits, and/or dies of a wafer.

[0092] The systemn controller 850, in some tmplementations, may be a part of or

coupled to a computer that is integrated with, coupled to the system, otherwise
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networked to the system, or a combination thereof. For example, the system
controller 850 may be in the “cloud” or all or a part of a fab host computer system,
which can allow for remote access of the wafer processing. The computer may cnable
remote access to the system (0 monitor corrent progress of fabrication operations,

5  examine a history of past fabrication operations, examine trends or performance metrics
from a plurality of fabrication operations, to change parameters of current processing,

to set processing steps to follow a current processing, or to start a new process. In some
cxamples, a remote compuier {e.g. a server) can provide process recipes o a system

over a network, which may inchide a local network or the Internet. The remote

10 computer moay include a user interface that enables entry or programuming of parameters
and/or settings, which are then communicated to the system from the remote computer.

In some examples, the system controller 850 receives instructions in the form of data,
which specify parameters for cach of the processing steps to be performed during one

or more operations. It should be understood that the parameters may be specific to the

15 type of process to be performed and the type of tol that the system controller 850 is
configured to interface with or control. Thus as described above, the system
controller 830 may be distributed, such as by including one or more discrete controllers

that are networked together and working towards a common purpose, such as the
processes and controls described herein. An example of a distributed controller for such

20 purposes would be one or more integrated circuits on a chamber in commmunication with
one or more integrated circus located remotely (such as at the platform level or as part

of a remote compuicr) that combine to control a process on the chamber.

[6093] Without himitation, example systems may include a plasma etch chamber or

module, a deposition chamber or module, a spin-rinse chamber or module, a metal

b
A

plating charaber or module, a clean chamber or module, a bevel edge etch chamber or
module, a physical vapor deposition (PVD) chamber or module, a chemical vapor
deposition ({CVD) chamber or module, an ALD chamber or module, an atomic layer
clean (ALC) chamber or module, an ion implantation chamber or module, a track
chamber or module, and any other semiconductor processing systems that may be
30 associated or used in the fabrication and/or manufacturing of semiconductor wafers.

[0094] As noted above, depending on the process step or steps to be performed by
the tool, the system controller 850 might comumunicate with one or more of other tool

circuits or modules, other tool components, cluster tools, other tool interfaces, adjacent
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tools, neighboring tools, tools located doughout a factory, a main computer, another
controller, or tools used in material transport that bring containers of wafers to and from

tool locations and/or load ports in a semiconductor manufacturing factory,

[0G95] An appropriate apparatus for performing the methods disclosed herein is
further discussed and described in U.S. Patent Application Nos. 13/084 399 (now U.S.
Patent No. 8,728,956), filed Apri 11, 2011, and ttled “PLASMA ACTIVATED
CONFORMAL FILM DEPOSITION; and 13/084,305, filed April 11, 2011, and titled
“SILICON NITRIDE FILMS AND METHODS,” each of which is incorporated herein

if1 its entireties.

[0696] The apparatus/process described herein may be used in conjunction with
lithographic patterning tools or processes, for cxample, for the fabrication or
manufacture of serniconductor devices, displays, LEDs, photovoltaic panels and the
like. Typically, though not necessarily, such tools/processes will be used or conducted
together in a common fabrication facility. Lithographic patterning of a film typically
includes some or all of the following operations, each operation enabled with a number
of possible tools: (1) application of photoresist on a workpiece, 1.¢., substrate, using a
spin-on or spray-on tool; (2) curing of photoresist using a hot plate or furnace or UV
curing tool; (3) exposing the photoresist to visible or UV or x-ray light with a tool such
as a wafer stepper; (4) developing the resist so as to selectively remove resist and
thereby pattern it using a tool such as a wet bench; (3) transferring the resist pattern into
an underlying film or workpicce by using a dry or plasma-assisted etching tool; and (6)

removing the resist using a tool such as an RF or microwave plasma resist stripper.
[0697] CONCLUSION

Although the foregoing embodiments have been described in some detail for puwposes
of clarity of understanding, it will be apparent that certain changes and modifications
may be practiced within the scope of the appended claims. It should be noted that there
are many alternative ways of implementing the processes, systems, and apparatus of
the present embodiments. Accordingly, the present embodiments are to be considered
as illustrative and not restrictive, and the embodiments are not to be limited to the

details given herein.

PCT/US2020/023146
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Claims

s

What is claimed is:

1. A method of processing a substrate, the method comprising:
providing to a process chamber a substrate comprising a patterned EUV resist
5  disposed on a substrate layer to be etched, the patterned EUY resist having a first stress
level: and
depositing on the patterned EUV resist a conformal thin film having a second
stress fevel that is less compressive than the first stress level, such that a third stress

level of the patterned EUV resist resulting from the depositing of the conformal thin

10 film is less compressive than the first stress level.
2. The method of claim 1, wherein the subsirate is a semiconductor wafer
comprising a partially fabricated semiconductor device.
3. The method of claim 1, wherein the conformal thin film has a thickness of no

more than 2 nm.

15 4. The method of claim 1, wherein the conformal thin film has a thickness of

about 1 nm.

5. The method of claim I, wherein the conformal thin film second stress level is
tensile.
6. The method of clawm 1, wherein the conformal thin filin second stress level 18

20 compressive.

7. The method of claum 1, wherein the patterned EUV resist is characterized by
a line roughness that is decreased after the depositing.

8. The method of any one of claims 17, whercin the line roughness comprises

one or more of line edge roughness {LER) and Hine width roughness (LWR).

3 G The method of claim 8, wherein the line roughness is a low frequency line
roughness.
10, The method of claim 9, wherein the low frequency line roughness has a spatial

frequency of less than 0.05 nmh.

11 The method of claim 8, wherein the line roughness is a high frequency ling

27



WO 2020/190941 PCT/US2020/023146

roughness.

12. The method of claim 11, wherein the high frequency line roughuess has a

spatial frequency of greater than 0.05 nm™.

13, The method of claim 8, wherein the line edge roughness decreases by an
5  amplitade of from about 0.1 to 1 am* (PSD).

14. The method of any one of claims 1-7, wherein the conformal thin film

comprises a si-based dielectric.

15. The method of claim 14, wherein the dielectric is Si0n.
16. The method of claim any one of claims 1-7, wherein the conformal thin filio

10 is deposited by ALD.
17. The method of claim 16, wherein the ALD comprises plasma enhanced ALD
wherein a cycle comprises flowing an oxygen plasma with a power between 10W and
2500W and a duty cycle between 25% and 50%.
18. The method of claim 17, wherein the BEUV resist comprises a chemically

15 amplified resist {(CAR), an organo-metal, or an organometal oxide.

19. The method of claim 18, wherein the organo-metal oxide is an organo-tin
oxide.
20, The method of clatiw any one of claims 17, further comprising, etching the

substrate layer in the process chamber after the depositing of the conformal thin film.
2 21 An apparatus for processing substrates, the apparatus comprising:

one or more process chambers, each process chamber comprising a substrate

support;

one or more gas inlets into the process chambers and associated flow-control

hardware;
25 one or more substrate handlers; and
a coutroller having at least one processor and a memory, wherein

the at least one processor and the memory are commumicatively

connected with one another,

the at least one processor is at least operatively connected with the one
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or more substrate handiers and the flow-control hardware, and

the memory stores computer-cxecutable instructions for controlling the
at least one processor to at least control the one or more substrate handlers and the flow-

control hardware to:

provide to a process chamber a substrate comprising 4 patterned
EUYV resist disposed on a substrate layer to be etched, the patterned EUV resist having
a first stress level; and

deposit on the patterned EUV vesist a conformal thin film having
a second stress level that is less compressive than the first stress evel, such that a third
siress level of the patterned HUV resist resulting from the depositing of the conformal

thin film is less compressive than the first stress level

29
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