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METHOD AND SYSTEM FOR CONTROLLING CRITICAL DIMENSION AND
ROUGHNESS IN RESIST FEATURES

Background of the Invention
Field of the Invention

{00011 Embodiments of the invention relate to the field of device manufacturing. More
particularly, the present invention relates to a method, system and structure for controlling roughness
and critical dimension in patterned resist features.

Discussion of Related Art

[0002]  Optical lithography is often used in manufacturing electronic devices. It is a process
by which a substrate is patterned so that circuits may be formed on the substrate according to the
pattern. Referring {0 FIGs. la-le, there are shown simplified itlustrations of an optical lithographic
process. Generally, the substrate 112 is coated with photo-curable, polymeric photoresist 114 as
shown in FIG. 1a. Thereafter, 2 mask 142 having a desired aperture pattern is disposed between the
substrate 112 and a light source {not shown). The light 10 from the light source is illominated onto
the substrate 112 via the aperture of the mask 142, and the light transmitted through the mask’s
aperture (or the image of the patiern) is projected onto the photoresist 114, A portion of the
photoresist 114a is exposed 1o the Hght 10 and cured, whereas the rest of the photoresist 114b remains
uncured as illustrated in FIG. 1b. As a result, an image of the mask’s aperture is formed by the cured
portion of the photoresist 114a.

(00037 As illustrated in FIG. 1¢, the uncured portion of the photoresist 114bis
stripped, and a three dimensional (3D) photoresist relief feature 114a corresponding to the mask’s
aperture pattern ray remain on the substrate 112. Thereafier, the substrate is eiched, and trenches
116 corresponding to the negative image of the mask’s aperture pattern may form (FIG. 1d}). After the
remaining photoresist 114b is removed, a patterned substrate 112 is formed as illustrated in FIG. le.
If a metallic layer is deposited on the trenches, a circuit having a desired pattern may be formed on the

substrate 112,
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[0004]  Although optical lithography is an efficient process with high throughput, the process
is not without disadvanfages. One disadvantage may include line width roughness (L.WR) or line
edge roughness (LER). As known in the art, LWR is excessive variations in the width of the
photoresist relief feature formed after uncured portions of the photoresist 114b is stripped from the
substrate. If the variations occur on the side surface of the photoresist relief or feam.re the variation is
known as LER. The roughness or variations due to LWR or LER may be disadvantageous as the
variation may be transferred onto the trenches during etch and ultimately to the circuit. The variations
become more significant with a decrease in feature size of the photoresist relief or trenches. For 32
nm devices variations of 4 nm or larger have been observed. Because the geometrical shape of a
patterned resist feature, including line roughness effects such as LWR and LER, is transferred from a
resist layer to an underlying permanent layer of a device during patterning of the underlying layer,
LWR and LER can limit the ability to form devices of acceptable quality for dimensions below about
100 nm. Such variations may lead to non-uniform circuits and ultimately device degradation or
failure. In addition, depending on design criteria, device performance may be impacted more by
either one of short, medium, or long range roughness.

{0005  Several approaches have been attempted to address LWR and LER effects (the
combination of either LWR, LER or both LWR and LER may be referred to collectively hereinafter
as “line roughness”). One technigue that shows promise for reducing line roughness is ion beam
smoothening in which jons are directed over a range of angles towards patierned photoresist relief
features. This technique has met with success in modifying line roughness in narrow photoresist
relief features in which the critical dimension is less than about 100 nm. In a typical ion beam
smaoothening process using ions directed over a range of angles on the patterned photoresist, the
LWR/LER can be reduced up to about 50%. However, the critical dimension (CD) may also decrease
by up to about 10 nm after an ion beam smoothening process is performed, which may represent an
unaccepiably large decrease depending on desired device characteristics.

[00068] Increasing the power of a plasma source used during an ion beam smoothening
process has been observed to lessen or eliminate the reduction in CD, but the increased power has also

been observed to be less effective in reducing line roughness [For instance, performing an ion beam
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smoothening process at 300 W may result in a ~25% reduction in LWR, but may also yield a ~20%
reduction in CD. At 500 W power, the loss of CD may be close to zero, however, the reduction in
LWR may be only about 15%, which may not meet designer specifications.] Thus, the present day
ion beam smoothening process presents a tradeoff between improved roughness versus loss of critical
dimension. In view of the foregoing, it will be appreciated that there is a need to improve photoresist
processing techniques for technologies requiring very small feature sizes, such as sub-100 nm CB

devices.

Summary of the Invention

{00071 Embodiments of the present invention are directed to methods and systems for
improving patterning a substrate, in particular, by improving roughness and controlling critical
dimension in photoresist relief features used to pattern an underlying substrate. In one embodiment, a
method of treating a photoresist relief feature having an initial line roughness and an initial critical
dimension includes directing ions toward the photoresist in a first exposure at a first angular range and
first dose rate that is configured fo reduce the initial line roughness to a second line roughness. The
method further includes directing ions foward the photoresist relief feature in a second exposure at a
second jon dose rate greater than the first dose rate, the second ion dose rate being configured to swell
the photoresist relief feature.

{00081 Inanother embodiment, a system for treating 3 photoresist relief feature disposed on a
substrate includes a plasma source configured to generate a plasma having a plasma sheath and an
extraction plate disposed between the plasma and substrate and configured to direct ions over an
angular range toward the substrate. The system further includes a controller operable to vary
exposure conditions of the substrate to the plasma, wherein in a first exposure ions are directed toward
the photoresist at a first ion dose rate and a first angular range wherein in a second exposure, ions are
directed toward the photoresist at a second lon dose rate greater than the first dose rate. The first
exposure may be configured to reduce the initial line roughness to a second line edge roughness, and
the second exposure configured to swell the photoresist relief feature, wherein, after the first and

second exposures, a third edge roughness of the photoresist relief feature is less than the first line
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roughness and a third critical dimension is greater than the second critical dimension.

Brief Description of the Drawings

{00091 FIGs. la-le are schematic cross-sections of a substrate that illustrate steps of a
conventional optical lithographic process.

100101 FIG. 2a is a schematic depiction of a substrate processing system, in accordance
with one embodiment of the present invention,

(00111  FIG. 2b illustrates an exemplary angular distribution of incident particles on a
substrate, as provided by embodiments of the present invention,

{00121 FIG. 3 depicts a schematic cross section of a plasma sheath modifier and a photoresist
relief feature that tlustrate exemplary features of the invention.

[0013] Figures 4a-4d and 4e-4g depict side cross-sectional and top plan views of patterned
photoresist relief features that depict an exemplary process for trealing photoresist relief features.

[0014] FIG. 5a depicts an exemplary plasma power curve.

(00151 FIG. 5b depicts another exemplary plasma power curve.

[0018] FIGs. 6a-6¢ depict alternate embodiments of pulsed plasma processing in which the

average ion dose rate is varied between relatively lower and higher values.

Description of Embodimentis

[go17] The present invention will now be described more fully hereinafter with
reference to the accompanying drawings, in which preferred embaodiments of the invention are shown.
This invention, however, may be embodied in many different forms and should not be construed as
limited to the embodiments set forth herein. Rather, these embodiments are provided so that this
diselosure will be thorough and complete, and will fully convey the scope of the invention to those
skilled in the art, In the drawings, like numbers refer to like elements throughout,

00181  Tosolve the deficlencies associated with the methods noted above, novel and
jnventive techniques and systems for patiering a substrate are introduced. In particular, the present

disclosure focuses on techniques relating to jon implantation processes for improving the quality of
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photoresist relief features such as improving line roughness and controlling CD in photoresist relief
features. The processes disclosed herein may be used in conjunction with processes for forming
narrow features, including features that are incorporated into arrays having very spuali pitch, for
example a pitch less than abcajtlzﬁ 0 nm. Such processes include conventional DUV lithography,
double patterning lithography, self aligned double patierning lithography, and other lithographic
processes. However, those of ordinary skill in the art will recognize that the techniques disclosed
herein are not limited to use in conjunction with any particular lithography or any range of photoresist
relief feature dimensicos.

{0018] Some embodiments of the disclosure employ plasma-based ion implantation
processes 1o treat resist features having very small dimensions. Referring to FIG. 2a, there is shown a
substrate processing system 300 for processing photoresist relief features according to one
embodiment of the present invention. FIG, 2b illustrates one exarople of angular distribution of the
particles treating the photoresist. The figures are not necessarily drawn to scale.

[0020]  Asillustrated in FIG. Za, the systermn 300 may include a process chamber 302 in which
a substrate holder 304 is configured to support subsirate 112, The substrate 112 may be a metallic,
semiconducting, or insulating material based substrate. In some embodiments, the substrate holder
may be provided with active cooling using cooling lines 336 coupled {o a cooling source, such as a
floid source (not shown). A patterned photoresist {not shown in FIG. 2a} is disposed on the substrate
which may be a cured portion of the photoresist remaining on the subsirate after the uncured portion is
stripped.

[0021]  The system 300 may also include a plasma source for generating a plasma 306
contained in the process chamber 302, In various embodiments, the plasma source may be an in situ
or remote, a DC or RF plasma source, an inductively coupled plasma source, capacitively coupled
plasma source, helicon source, microwave source, or any other type of plasma source.

{00221  Asdepicied in FIG, 2a, in some embodiments that employ an RF plasma source, an
RF power supply 330 provides an RF signal that can drive antenna 332 to generate plasma 306. The

RF power supply 330 may vary the amplitude of a generated signal supplied to antenna 332 and
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thereby change the plasma power within plasroa 306. As described below, this may be used to control
ion dose rate directed toward substrate 112,

[0023] Between the plasma 306 and the substrate 112, one or more plasma sheath modifiers
312 may be disposed. In the present embodiment, the plasma sheath modifier 312 may comprise a
pair of modifier paris 312a and 312b spaced apart from one another by a gap “y.” In another
embodiment, the plasma sheath modifier 312 may comprise a single modifier part. Yet in other
embodiments, the plasma sheath modifier 312 may comprise three or more modifier parts spaced
apart from one another defining the gap.

[{0024] The plasma sheath modifier 312 is capable of adjusting the eleciric field of the plasma
sheath. In some embodiments, the plasma sheath modifier 312 may be positively or negatively
charged. The plasma sheath modifier 312 may be made from electrically insulating (e.g. glass) or
conducting (e.g. metallic) material, or a combination thereof. If the system 300 inclades more than
one modifier parts, the parts may be made from the same or different material. For example, the
system 300 may include a plasma sheath modifier 312, and the plasma sheath modifier 312 may
cormprise two modifier parts 312a and 312b. The modifier parts 312a and 312b may be made from the
same or different material.

{0025]  If the plasma sheath modifier 312 comprises two or more parts, the parts may be
disposed on the same plane or different planes. For example, the plasma sheath modifier 312
included in the processing system 300 may comprise two modifier parts 312a and 312b, The paris
312a and 312b may be disposed in the same plane such that the vertical spacings “z” between the
substrate 112 and each modifier part are the same. In another embodiment, the plasma sheath
modifier 312 may comprise two modifier parts 312a and 312b, and each part 312a and 312b may be
spaced apart from the substrate 112 by different vertical spacings “2.” Additional description of the
processing system with the plasma sheath modifier can be found in co-pending U.S. patent application
Ser. Nos.: 12/418,120; 12/417929, filed April 3, 2009, and issued as U. 8. patent No. 7,767,977; and
12/644103, each of which is herein incorporated in its entirety by reference.

[0026] Inoperation, plasma generated iz sifu or remotely may be contained in the process

chamber 302. The plasma 306 may contain fragments including electrons, proton, and atomic or
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molecular ions, neutrals, and radicals of desired species. As illustrated in FIG. 3a, the plasma 306
may also include plasma sheath 308 near the periphery. In the present embodiment, the plasma sheath
308 may comprise positively charged ions. As depicted in the Figures, plasma sheath 308 is
represented by a boundary of the sheath with plasma 306, However, it will be understood that plasma
sheath 308 may extend a {inite distance from an edge of plasma 306 to surfaces of objects around
plasma 306, for example, the walls of process chamber 302, and the surface of substrate 112,

[0027]  The ions 310 in the plasma sheath 308 or the plasrna 306 may be directed toward the
substrate 112, as the substrate 112 is biased by a DC or RF bias supply (not shown). The bias signal
applied to the substrate 112, whether DC or RF, may be continuous or pulsed.

[0028] The plasma sheath modifier 312 may modify the shape of the plasma sheath 308 so as
to control the distribution of incident angles of the lons 310. For example, the plasma sheath modifier
312 may modify the eleciric field in the plasma sheath 242 and modify the shape of the plasma sheath
308. In the present embodiment, the plasma sheath modifier 312 may modify at least a portion of the
plasma sheath 308 into a concave shaped plasma sheath 308b (modified sheath 308b} relative to the
plasma 306, or a dome shaped (convex) plasma relative to the bulk plasma. When the substrate 112 is
biased, the tons 310 attracted toward the substrate 112 may travel through the gap 322 of width "y”
between the modifier parts 312a and 312b at a large range of incident angles. In the conventional
plasma based processing systems, the plasma sheath closest to the substrate lies parallel to the
substraie. When the substrate is biased, the ions travel in a path substantially perpendicular to the
plasma sheath, thus substantially perpendicular to the substrate. As a result, the ions in the
conventional plasma processing system have incident angle ranging from -3°-+37. In the present
embodiment, however, the incident angle of the ions 310 may be modified with the modified sheath
308b. As illustrated in FIG. 24, the modified sheath 308b is multi-angled relative to the substrate. As
such, tons 310 traveling perpendicular to the modified sheath 308b may travel in multiple angles. The
ions 310 traveling toward the substrate 112 from different portions of the modified sheath 308b may
exit the plasma 306 from a large range of different angles, such that the ions 310 therefore have a
farge range of incident angles on substrate 112. As illustrated in FIG. Zb, the incident angles of the

ions 310 may range between about +60° to about -60°, centered about 1" with respect to
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perpendicular. In some embodiments, the incident angles of the tons 310 may additionally be
modified by the electric field generated by the plasma sheath modifier 312, and the range of incident
angles of the ions 310 may be adjusted by controlling other system parameters, as discussed below.

{00231 Depending on a number of factors including, but not limited to, configurations and
properties of the plasma sheath modifier 312, the incident angle of the ions may be additionally
modified. Example of such factors may include the horizontal spacing (Y) between the modifier parts
the vertical spacing (2} between the substrate 112 and sach modifier f:arts 312a and 312b (not shown),
and the electrical properties of the plasma sheath modifier 312. Other plasma process parameters may
also be adjusted to adjust the ions’ incident angle and/or incident angle distribution. Additional
description may be found in the co-pending U.S. patent application Ser. Nos.: 12/418,120, 12/417925,

12/644103, each of which application, as noted above, is incorporated in entirety by reference.

{0030} By modifying the plasma sheath 308, a three dimensional structure with
surfaces oriented at different angles may be treated conformally or isotropically. Referring to FIG. 3,
there is shown a technique for processing 3D structure according to one embodiment of the present
disclosure. In the present embodiments, the technigue may be used to reduce LER and LWR
contained in 3D photoresist relief feature 114, As noted above, LER and LWR may occur in a 3D
photoresist relief feature 114a obtained during optical lithography, after uncured portion of the
photoresist is removed. In the present embodiments, LER and LWR contained in the photoresist
relief feature 114a may be reduced by exposing the photoresist relief features to ions 310,

{0031]  Agsillustrated in FIG. 3, 3D photoresist relief feature 114a having side surface 114a-1
and top surface 114a-2 may be disposed on the substrate 112, The substrate 112 and the photoresist
relief feature 114a disposed in the plasma processing system containing the plasma sheath modifier
312, and plasma is disposed near the substrate 112, Thereafter, the lons 310 in the plasma may be
directed through the gap between the plasma sheath modifier parts 312a and 312b, toward the surfaces
of the photoresist relief feature 114a. As illustrated in the figure, the ions 310 may be directed at

multiple incident angles.
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{00321  In various embodiments, the ions 310 may be troplanted into the side and top surfaces
114a-1 and 114a-2 of the photoresist relief feature 114a. Although various ion species may be
implanted, helium (He) or argon (Ar) lons may be implanted in some embodiments. Although the
duration of exposure of the photoresist to ions may cover a wide range, in some embodiments, the
total exposure time may vary from about several tenths of seconds to several minutes.

{0033]  Experiments were conducted to study the effect on LWR/LER and CD of a plasma
processing systemn {PSM system) arranged in accordance with the present jnvention. As used
hereinafter, the term “PSM system” or “PSM plasma system” refers to a plasma processing system
that employs a plasma sheath modifier to provide a wide range of angular distribution of lons toward a
substrate positioned adjacent to a portion of the plasma. The term “wide,” “wide range,” or “wide
angular range,” as used in conjunction with angle of ion incidence, refers 10 a set of angles that spans
a total range of about 5 degrees or larger. A plasma sheath modifier was used to provide an exposure
comprising a dose of ions distributed over a wide angular range, as tilustrated in FIG. 2b. The plasma
sheath modifier may comprise a plate having one or more apertures that induces formation of a
modified plasma sheath {see element 308b) and thercby extracts tons from the plasma such that the
ions impinge on a substrate over a wide angular range. In some embodiments, the aperture(s) of a
plasma sheath modifier may have a width of about 0.1 mm to 18 mm. In order to expose a large area
of a subsirate, the substrate may be scannable with respect to the aperture of a plasma sheath modifier
so that the size of regions of the substrate exposed to lons is controlled by the scan length.

[0034] Referring again to FIG. 3, in a series of separate experiments, a set of photoresist
lines having nominal CD of about 40 nm was expdsecﬁ to 2 4 kV Ar plasma using an exemplary
extraction plate at a respective series of different plasma power levels. When photoresist lines were
exposed to a plasma whose power was 300 W, a reduction in LWR of about 26% was observed, while
a reduction in CD of the photoresist lines of about 20% was also found. When the photoresist lines
were instead exposed to a plasma at a plasma power level to 500 W, little, if any, reduction in CD was
observed. However, the reduction in LWR was only about 11%. Thus, the use of higher plasma
power may be effective in avoiding unwanted reduction in CD, but may be less effective in

smoothening photoresist relief features.
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{00351  In order to overcome this tradeoff between reducing LWR and preserving CD,
embodiments of the present disclosure employ a novel technique in which photoresist reliet features
are subjected to one or more ion exposures at a first ton dose rate and subjected to ong or more
exposures at a second ion dose rate that is higher than the first ion dose rate. In some embodiments,
an exposure may be one or more scans in which a plasma sheath modifier 312 is scanned with respect
to a substrate containing the patterned photoresist relief features 114a along a direction 320. Because
the plasma sheath modifier 312 may be a plate having av apertare 322 through which ions 310 are
exiracted, some embodiments of the plasma sheath modifier are referred to herein as an “extraction
plate.” The extraction plate may have one or more apertures that modify the shape of a plasma sheath
as described above. In various embodiments, the substrate 112 may be scannable along direction 320
with respect to an aperture of an extraction plate. Accordingly, regardiess of the width of aperture
322, an entire substrate or desired portion thereof, which may include many photoresist relief features
114a, may be exposed to ions 310 during a scan. In various embodiments, the plasma 306 may be
continuous or a pulsed plasma, and a bias between substrate holder 304 and plasma 306 may be
continuous or pulsed.

{00361 In accordance with some embodiments, a series of scans of an extraction plate are
performed over a patterned photoresist relief feature using an argon plasma and an ion energy of about
750 V. The scans may be performed as part of a multi-setpoint RF plasma (MSPRF) process, in
which the power setpoint for the plasma may be varied. Thus, a first exposure may be one or more
scans of an extraction plate over a patierned photoresist relief feature(s) in which the RF power is set
at a first level, and a second exposure may be one or more scans of the extraction plate in which the
RF power is set at a second level higher than the first level. In some embodiments, a first exposure
that includes one or more scans is made at a relatively lower plasma power. The relatively lower
plasma power results in a relatively lower ion dose rate of fons directed towards the patierned
photoresist relief feature. At this lower ion dose rate, a decrease in both line LWR/LER and CD from
initial values o respective second values may be observed after the exposure. Subsequently, one or
more scans are made at a relatively higher plasma power, which produces a relatively higher ion dose

rate. After the second set of scans, an increase in CD from the second value to a third value may be
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observed. In one set of examples, after performance of this multiple ion dose rate treatment, the
LWR/EWR reduction was up to 50% while CD variation ranged from -Znm to -+3nm depending on
the ion dose rate in the second exposure.

{00371 Figures 4a-4d and 4e-4g depict side cross-sectional and top plan views of patierned
photoresist relief features that provide details of an exemplary process for treating photoresist relief
features. The process combines lower ion dose rate and higher jon dose rate exposares. In FlGs. 4a
and 4e a set of photoresist relief features 402 having an initial width (CD} W, are subjected to an
exposure o ions 404 over a first angular range using a first jon dose rate. The ions 404 may impact
sidewalls 406, causing a reduction in sidewall roughuness, such as LWR/LER, In various
embodiments, jons 404 may be provided by a system, such as systemn 300, and the ion dose rate may
be controlled by adjusting parameters including plasma power, pressure in a process chamber, gas
flow in a process chamber. The ion dose rate may also depend on ton energy. In accordance with
various embodiments, after the exposure to lons 404, the fon-exposed photoresist relief features 408
exhibit both a smaller D (W3} and lesser line roughness, as illustrated by sidewalls 410. Ina
subsequent exposure, depicted at FIGs. 4e and 4f, ions 412 are directed toward photoresist relief
features 408 over a second angular range (which may be similar to or different from the first angular
range) and at a second ion dose rate that is higher than the first ion dose rate used in the exposure to
ions 404. After the exposure at the second, higher ton dose rate, the resultant photoresist relief
foatures 414 exhibit a larger CI3 (W) than that of photoresist relief features 408. In various
embodiments, the ion dose rate and total ion dose during exposure to ions 412 may be tatlored to
restore the CD to a desired value. For example, the ion dose rate may be tailored to resiore the CD o
the original CI3 Wy, or may be tailored to restore the CD to within a predetermined tolerance of the
original CD Wy,

{00381  After exposure to ions 412, the sidewalls 416 of the resultant photoresist relief
features 414 may remain smoother than sidewalis 406 before exposures to the ions 404 and ions 412,

{0038] Asnoted, in some embodiments, the combination of lower and higher ion dose rate

exposures may be designed to provide a maich between the initial and final CD, W, and W,
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respectively. Thus, the effect of the multiple lon exposure processing depicted in FIGs. 4 may be to
smoothen the photoresist sidewalls without effectively changing CD.

{00401  In other embodiments, the dose rate and dose of ions 412 may be designed to yield a
final CD that is larger than the initial CD Wi, For example, after a lithographic process, the measured
CD (corresponding to W) for photoresist relief features of interest may be smaller than the nominal
or target CD for that process. Therefore, after an exposure to ions 4034 to improve line roughness, it
may be desirable 1o restore the CD of the photoresist features to the nominal value. Accordingly, the
exposure {o ions 412 may be arranged to yield a CD corresponding to W that is greater than W; and
reflects the target CD.

[0041] In still other embodiments, the order of exposure to tons 404 and 412 may be
reversed, such that the high ion dose rate exposure ocours prior to the low ion dose rate exposure. In
this manner, an initial photoresist relief feature CT3 W, may be increased to a value W, (not shown)
before a second, lower jon dose rate exposure is applied. After the lower ion dose rate exposure, the
line roughness may be reduced and the CD may be reduced from W, to Wa, which may be close to or
the same as W,;. However, in cases in which photoresist relief features are closely spaced, it may be
more convenient to perform the low fon dose rate exposure first, since neighboring photoresist relief
features having a width W, greater than W, may crowd one another and obstruct portions of their
sidewalls from receiving ion flux during a subsequent low ion dose rate exposure.

{00421 In various embodiments, as previously noted, the ion dose rate may be controlied by
varying the plasma power of a system that directs ions over a range of angles toward patterned
photoresist relief features. Referring again to FIG. 2a, in the case of an RF plasma, the plasma power
may be varied by changing the signal amplitude sent from RF generator 330 to antenna 332. At
higher plasma power levels, the ion density in the plasma may be higher, which may afford the ability
to extract ions at g higher ion dose rate from the plasma 306.

[0043] FIG. 5a depicts an exemplary plasma power curve 502 in which the plasma power is
varied between a level P1 over a first portion 504 of the curve and a level P2 over a second portion
506 of the plasma power curve 5302, In various embodiments, the level P1 may correspond to a lower

ion dose rate that may initially be applied to a substrate, while the level P2 corresponds to a higher ion
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dose rate that may be applied subsequent to the lower lon dose rate. Referring also to FIG. 3, the first
power level P1 may be applied during the duration of three suceessive passes (scanl-scand) of a
substrate 112 along the direction 320 with respect o an extraction plate (e.g., plasma sheath modifier
312) that directs tons toward the photoresist relief features 114a. The second power level P2 may be
appiied during a further set of scans (scans 4,5). It will be appreciated that the total number and
duration of the scans, as well as the plasma power levels P1 and P2 may be adjusted to tailor the
desired smoothening and final CD of photoresist relief features 114a. As noted, the plasma power
may be applied in a continuous fashion while exposing the substrate to ions, or may be applied in
pulses,

{00441 FIG. 5b depicts another embodiment in which a series of high ion dose rate scans are
alternated with a series of low ion dose rate scans. In this embodiment, this is accomplished by
alternating plasma power levels between P1 and P2 during successive scans (scani-scan6). Each scan
may correspond to a single scan of a substrate with respect o an extraction plate. Curve 512 presents
a plasma power curve that alternates between portions 514, where plasroa power is maintained at P1,
and portions 516, where plasma power is maintained at P2, A single power level may be applied for
the duration of one scan, as illustrated. After scani, the sidewall roughness of photoresist relief
features may be incrementally improved, with a concomitant incremental reduction in CD. After
scan2, the incremental loss in CI3 produced by scani may be partially or wholly restored {or increased
beyond an initial value before scanl). The exposure processes during seansl and 2 are repeated in the
subsequent scans such that the photoresist relief feature line roughness is reduced in a series of steps
(corresponding to the odd numbered scans) that alternate with a series of steps in which the CD may
be incrementally restored by the relatively higher ion dose rate during those steps.

[00458]  FIG. 5b also depicts exemplary photoresist measurements at various points during the
processing of resist lines according to the plasma power curve 512, The initial line roughness and CD
measurements before exposure are represenied by LWR; and CDy, respectively. Afier a first exposure
cycle comprising one scan each at power levels P1 and P2, the LWR may be reduced to a value
LWER,. The CIJ may be the same as before exposure, that is, CIJ; After a second cycle, LWR may be

reduced to a value LWR,, while the CD may be again maintained at CI) After a third cycle, LWR
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may be reduced to a value LWR,, while the CD may be again maintained at CD,. Thus, the effect of
applying the plasma power curve 512 in conjunction with a plasma sheath modifier to process
photoresist relief features may be to reduce roughness from LWR, to LWR, without affecting CD. It
is to be noted that photoresist sidewall smoothening, such as reductions in line roughness, may also
occur during the scans scan?2, scand, and scand.

{0046] Besides varying the plasma power of a continuous plasma, the ion dose rate may be
controlied by applving power to the plasma in a pulsed fashion. A high plasma power setpoint may
be set for each plasma pulse to produce a first ion dose rate of for only a fraction of plasma pulses,
such as every 10 pulses to produce a second, lower ion does rate. In such cases the ion dose rate may
be characterized by an average ion dose rate as detailed further below.

{0047]  The use of pulsed plasmas may afford ancther degree of control on final photoresist
relief feature line roughness and CD as described below, For example, plasma pulsing may afford
flexibifity in modifying the ion dose rate as necded by adjusting the recipe for plasma pulses of a
baseline process. In one instance, a baseline process recipe that uses a 300 W RF plasma power
setpoint applied for every pulse in a pulsed plasma may produce a target reduction in line roughness.
A recipe that employs a 500 W RF plasma power setpoint applied at every pulse in a pulsed plasma
may be found to increase CD by about 10 nm. For a first set of substrates, the combination of the 300
W plasma power and 500 W plasma power process recipes may therefore produce the desired line
roughness and CD of photoresist relief features.

{00481  However, it may be determined that for another set of substrates the final CD of
photoresist relief features after performing the 300 W and 500 W RF plasma power exposures is 5 nm
too large. Accordingly, it may be desirable to alter the higher ion dose rate (300 W) process to reduce
the photoresist sv@eiiing. In this case, in the second exposure, the high plasma power setpoint {(500W)
may be applied every other pulse, while a lower plasma power setpoint (such as 300 W) is applied
every other pulse, which may produce an ion dose rate intermediate between the baseline 300 W
plasma power recipe and the uniform 500 W plasma power recipe. This intermediate ion dose rate

may result in the desired increase in CD for the second set of substrates,
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[0048] FIGs. fa-6¢ depict alternate embodiments of pulsed plasma processing in which the
average ion dose rate is varied between relatively lower and higher values. In FIG. 6a, curve 602
depicts a plasma power curve in which a series of lower power pulses 608 are applied during a first
portion 604, foliowed by a series of higher power pulses 610 during a second portion 606. The power
level when the plasma is on is P3 for lower power pulses 608 and P4 for higher power pulses 610.

(0050] Tn some embodiments, the pulses 608 and 610 may be applied for a pulse duration on
the order of a hundred microseconds up to a few milliseconds. In various embaodiments, portions 604
and/or 606 may extend for many milliseconds up to many secouds and may correspond to the duration
of one or more scans, for exarmple, as depicted in FIGs. 5. Thus, during a single portion 604 or 606,
many pulses may be applied, such as tens, hundreds or thousands of pulses. Accordingly, the ion dose
rate during a single portion 604 or 606 may be characterized by an average ion dose rate for the
duration of the portion. In particular, the ion dose rate may be represented by curve 640, in which the
ion dose rate may be averaged over time to account for the “on” and “off” periods of a plasma. For
example, the ion dose rate may be averaged over a pulse period equal to the sum of the duration of the
on and off periods of a pulse. Thus, curve 640 represents the time average ion dose rate (flux} over

one or more pulse periods.

[0051]  Asdepicted in FIGs. 6b and 6c¢, the same average ion dose curve 640 may result from
a different combination of pulses. In Fig. 6b, the first portion 604 of plasma power curve 612
corresponds to a low ion dose rate exposure as represented by portion 604 of FIG. 6a, where power is
applied at level P3 for a series of lower power pulses 608. The second portion 616 corresponds to a
higher ion dose rate exposure that is brought about by providing every other pulse 620 at a plasma
power P35, which is higher than P4. The pulses 620 are interspersed with lower power pulses 618,
which may correspond to the power level P3. The combination of alternating pulses at power levels
P3 and P5 may result in the same average ion dose rate 640b as that of FIG. 6a. In Fig. 6¢, the first
portion 604 of plasma power curve 622 is as in FIG. 6a, where power is applied at power level 3 for
a series of lower power pulses 608. The second portion 626 is brought about by providing every

fourth pulse 630 at a power P6, which is higher than P4 and PS5, while the other three lower power
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pulses 628 are provided at power level P3. The combination of providing every fourth pulse at power
level P6 and the other three pulses at P3 may result in the sare average ion dose rate 640b as that of
FIGs. 63 and 6b.

{00521  Insome embodiments, a relatively lower jon dose rate treatinent may be combined
with a higher backside cooling for a substrate, while a refatively higher ion dose rate is combined with
a relatively lower backside cooling. In some embodiments, the subsirate backside cooling and
thereby the substrate temperature may be varied by controlling the type of fluid or flow rate of fluid in
cooling lines 336. However, backside cooling control may be provided by other apparatus, such as a
known Peltier cooler (not shown). By providing relatively less backside cooling and therehy
producing a higher substrate temperature during a higher ion dose rate exposure, the CD swelling may
be amplified, since greater swelling may occur at higher temperatures.

[0053]  As noted previously, in some embodiments, a first angular range of ions in a lower
ion dose rate exposure may be different from a second ion dose rate at a higher on dose rate.

(00541 The methods described herein, may be automated by, for exampie, tangibly
entbodying a program of instructions upon a computer readable storage media capable of being read
by machine capable of executing the instructions. A general purpose computer is one exaniple of
such a machine, A non-limiting exemplary Hst of appropriate storage media well koown in the art
includes such devices as a readable or writeable CD, flash memory chips (e.g., thumb drives), various
magnetic storage media, and the like.

[0085]  Insummary, the present invention provides novel and inventive methods and systems
for reducing line roughness in patterned features, such as photoresist relief features, while
independently controlling the resulting CD of such features.

[0056] The present invention is not to be limited in scope by the specific embodiments
described herein. indeed, other various embodiments of and modifications to the present disclosure,
in addition to those described herein, will be apparent to those of ordinary skill in the art from the
foregoing deseription and accompanying drawings. For example, although the embodiments detailed
above are described with respect to photoresist processing, other embodiments may involve

processing of resists such as electron beam resists, x-ray resists, or nano-iroprint Hthography resists.
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[0057]  Thus, such other embodiments and modifications are intended to fall within the scope
of the present disclosure. Further, although the present disclosure has been described herein in the
context of a particular implementation in a particular environment for a particular purpose, those of
ordinary skill in the art will recognize that its usefulness is not limited thereto and that the present
disclosure may be beneficially implemented in any number of environments for any nuraber of
purposes. Accordingly, the subject maiter of the present disclosure should be construed in view of the

full breadth and spirit of the present disclosure as described herein,
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What is claimed 1s:

1. A method of treating a photoresist relief feature on a substrate having an initial live roughness
and an initial critical dimension, the method comprising:

directing ions toward the photoresist relief feature in a first exposure at a first angular range
and at a first ion dose rate configured to reduce the initial line roughness to a second line roughness;
and

directing ions toward the photoresist relief feature in a second exposure at a second ion dose
rate greater than the first ion dose rate, the second ion dose rate being configured to swell the

photoresist relief feature.

2. The method of claim 1, wherein, after the first exposure, the initial critical dimension

is reduced to a second critical dimension, and wherein after the second exposure the second critical

dimension is increased to a third critical dimension.

3. The method of clatm 1, wherein after the first and second exposures, the resist feature

has a third line roughness about equal to the second line roughness.

4, The method of claim 1, wherein, after the first and second exposure, the resist feature

has a third critical dimension about equal {o the initial critical dimension.

5. The method of claim 1, wherein, after the first and second exposure, the resist feature

has a third critical dimension within a predetermined tolerance limit of the initial critical dimension.

6. The method of claim 35, wherein the predetermined tolerance limit is +/- 5 nanometers

from the initial eritical dimension.

7. The method of claim i, further comprising providing ions during the second exposure

over a second angular range, said second angular range being different from the first angular range.

8. The method of claim 1, further comprising:
cooling the substrate having the photoresist relief feature to a first temperature during the first

exposure; and
cooling the substrate to a second terperature greater than the first temperature during the

second exposure.
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9. The method of claim 1, wherein the directing the ions in the first and second
eXposures comprises:

generating a plasma having a plasma sheath and ions therein;

providing an extraction plate defining an aperture that is operable to modify a shape of a
boundary defined between the plasma and the plasma sheath; and

providing a bias between the substrate containing the resist feature and the plasma configured

to attract ions across the boundary having the modified shape toward the resist feature

10 The method of claim 9, comprising:
performing the first exposure at a first plasma power level; and

performing the second exposure at a second, higher plasma power level.

1. The method of claim 9, comprising:

performing one or more scans of the extraction plate with respect to the substrate containing
the photoresist relief feature during the first exposure, the extraction plate configured to provide ions
over an angular range; and

performing one or more scans of the extraction plate with respect to the substrate during the

second exposure.

12, The method of claim 9, comprising:

providing a set of pulses of the plasma at a first power level during the first exposure; and

providing a set of pulses of the plasma at a second power level during the second exposure,
wherein an average plasma power over a duration of the second exposure is greater than an average

plasma power over the duration of first exposure.

13. The method of claim 12, further comprising providing a third set of pulses during the
second exposure, wherein the second and third set of pulses correspond to different plasma power
levels.

14. The method of claim 1, wherein the first exposure ocours after the second exposure,

15. A system for treating a photoresist relief feature disposed on a substrate, comprising:

a plasma source configured to generate a plasma baving a plasma sheath;
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an extraction plate disposed between the plasma and the substrate, and configured to direct
ions to the substrate over an angular range; and

a controfler operable (o vary exposuare conditions of the substrate to the plasma,

wherein, during a first exposure ions are directed toward the photoresist at a first fon

dose rate and a first angular spread and during a second exposure ions are directed toward the

photoresist at a second ion dose rate greater than the first dose rate, the first exposure

configured to reduce the initial line roughness to a second line roughness, and the second

exposure configured to swell the photoresist relief feature, wherein, after the first and second

exposures, a third Hine roughness of the photoresist relief feature is less than the initial line

roughness and a third critical dimension is greater than the second critical dimension.

16. The system of claim 15, wherein, the third critical dimension is within a

predetermined tolerance limit of the initial critical dimension.

17, The system of claim 15, wherein the third line roughness is about equal to the second

line roughness.

18. A method of treating a photoresist relief feature on a substrate having an initial line
edge roughness and an initial critical dimension, the method comprising:

directing, in a first sxposure, ions towards the photoresist relief feature at a first dose rate and
a first angular spread until the photoresist relief feature exhibits a second Hne roughness less than the
initial line roughness, the photoresist exhibiting a second critical dimension less than the initial critical
dimension after the first exposure; and

directing, in a second exposure, ions lowards the photoresist relief feature at a second dose
rate greater than the first dose rate until the photoresist relief feature swells to a third critical

dimension greater than the second critical dimension.

19, The method of claim 18, wherein the resist feature has a third line roughness about

equal to the second line roughness.
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